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THE MISSION OF AGARD
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— Continuously stimulating advances in the aerospace sciences relevant to strengthening the common defence
posture;
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in connection with research and development problems in the aerospace field;

— Providing assistance to member nations for the purpose of increasing their scientific and technical potential;

~ Recommending effective ways for the member nations to use their research and deveiopment capabilities
for the common benefit of the NATO community.

The highest authonty witiun AGARD is the National Delegates Board :onsisting of officially appointed senior
representatives from each member nation. The mission of AGARD is carried out through the Paneis which are
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Authorities through the AGARD series of publications of which this is one,
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3 FOREWORD

7 There has been a considerable increase in interest for predicting and preventing flutter on
b} fighter aircraft carrying stores. Because of the importance of the application to the NATO
countrics’ air forces, the Structures and Materials Pan .1 of the NATO Advisory Group for
Acrospac. Research and Development (AGARD) held a one-half day Specialists® Meeting

’ on “Wing-with-Stores Flutter” at the Structures and Materials Panel’s 39th Meeting in Munich
g 8 on 9 October 1974.

(£ %)

’ The addiu.on of the stores significantly changes the dynamic charactenstics and often
2 adversely affects the flutter properties through drastically reduced flutter speeds. Flutter
= speed placards are thus frequently required thereby severely restricting potential speeds and
mission perfermances. Moreover, many different stores can be carried at each carriage

E § station requiring evaluation of a very high number of potentially flutter critical store

a combinations. The purpose of this meeting was to discuss the latest state-of-the-art in the
by various countries, and op imum methods for avoiding restrictive placards and for rapidly

.j : and economically evaluating the many store combinations. These proceedings contain the

8. papers presentew.

The AGARD Structures and Materials Panel expresses its appreciation to the authoers
and to the Specialists’ Meeting Chairman, Mr O.Sensburg of M.B.B., Germany, for their
significant contributions to this important fighter and ground support aircraft topic.
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CALCULATION METHODS FOR THE FLUTTER OF AIRCRAFT WINGS AND EXTERNAL STURES
by

Ll. T. Niblett and J. C. A. Baldock
Structures Department
Royal Aircraft Establishment
Farnborough, Hampshire
England

SUMMARY

This paper reports theorecical work at RAE on the wing~with-stores problem which has been in the
fields of structural representation, the solution of the flutter equations and the prediction of flutter

characteristics from structural properties.
»

The subjects covered in some detail are:

(a) a comparison of the normal modes calculated for a wing-with-stores from some cf the aormal modes
of the pare wing and discrete-load modes with those calculated fror the full flexibility matrix;

() the basis of a computer program which traces the lozi of constant flutter speeds when two
structural parameters vary; and

(¢) the interpretation of the loci of constant fiutter speed in terms of modal shapes and frequencies
with the object of assessing the most critical store combinations.

1 INTRODUCTION

This paper describes work that bas been done on a few of the techn.ques of the theoretical treat~
ment of the flutter of wings with stores favoured at RAE.

Among the data needed for wing-with-stores flutter calculations is a descriptior of the structural
properties of the wing which is adequate enough to give its distortions under a wide variety of store
inertia forces yet econom’c in computing time and space. That such a description is given by a combination
of normal and discrete-load modes has been shown by some calculations which will be described.

Since this combination will give the distortions of the wing under practically any store inertia
forces from only comparatively few coordinates it is very suitable for use with a zomputer program
which automati.:ally follows contours of constant flutter speed against two of the mass and/or stiffness
properties of the store. Such contours are useful in that they give the most critical store ccmbinations
and the basis of an automatic contcur-following program is given.

The contours will indicate critical combinations of store parameters, 4 method is given for a
rapid assessment of the physical basis for this combination.

2 DISCRETE-LOAD MODES

Comparable calculations have been made of the normal modes of an encastré wing with stores. The
structural system consisted of the bare wing, two flaps with beams connecting them to the bare wing
structure and two stores with pylons conmecting them to the bare wing structure (see Fig.l). The object
of the calcuiations was to discover how close on approximation to the 'true' modes of the wing with
stores, defined as the results of calculations using all the information available, was obtained if only
a limited number of the normal modes of the wing-without-stores together with appropriate 'discrete~load'
modes of the wing were used. The 'discrete-load' modes (sometimes known as 'junction' modes) are the
deflection shapes taken up by the wing when it is loaded statically at the pylon . .achment points by the
types of load the stores generate dynamically which give significant distortions of the wing, i.e. heaving
force and rolling- and pitching-moments. These modes are proportional to the columns of the flexibility
matrix for the wing which pertain to those particular types of loads acting at the pylon attachment

points.

Thus an allowed displacement of the wing can be written

= P
2a [Qab’YFaa ac]{qb’qc* M
where z, is a vector of wing displacements,

Qab is the rectangular matrix of wing displacements in the normal modes whose generalised
coordinates are gqy ,

Faa is the wing flexibility matrix,

P is a non-square permutation matrix which selects freca Foa the columns appropriate to the
discrete~load modal coordinates g, ,
ana factoring by y simply replaces the dimensions of flexibility by the dimensions of
displacement.
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The inertia matrix, if the mass matrix associated with the wing deflection points is Aaa , i8

r F
Qba ‘ Y YQbaAaa'aaPac
Aaa Qab’YFaaPsc 2P @
v
cha'aa sym Y caFaaAaaFaaPac
wvhere 3b is a diagonal matrix of the normal mode inertias, and the stiffness matrix is given by
Qba -1 €y YQbapac
I'.aa Qab’YFaaPac] = 2 * (3
P F sym YP _F_ P
Yea aa ca aa ac

If the initial data is in the form of a stiffness matrix, Eyqq , rather than a flexibility matrix,
the discrete load oodes, Q4c » are given by the solution of an equation such as

Eddec = YQdapac )

the rhs giving the generalised forces in the stiffness modes due to the discrete loads. The total
stiffness matrix is then given by

-

ey YdeQdaPac
2 -1
sym ¥ PcaQadEddeaPac

de-]

Q JEdd[de’Qdc] o
cd

-l
Ead [de ’YEddeaPac] : )

1
TP 4Paq

This is not possible if Ezy 1is singular. One of the usual methods of overcoming this type of
problem is to split the coordinates qq into coordinates, qg say, which involve distortion of the
structure and coordinates, q, say, which describe rigid-body displacements. The inertia matrix

- 5
Ay - Aeg Agr
_Arf Arr
and the stiffness matrix ~ ? 6)
e, - Eeg O
0 0 J

The q, coordinates are replaced b = coordinates using the transformation
d Yy 4 8

a4 1 I
qq = Tl ET g G @
9 rr “rf Qrf

where the qz coordinates are fewer than the gq4 coordinates by the number of rigid body freedoms
present. The constraiats on the qf modes are the equivalent of the addition of rigid-body deflections
to the qf modes such that the new modes are orthogonal to further rigid-body deflections. Eq.(4)
transformed and premultiplied by [I,er] is

E.. of|1L Q
f£ fa
[I,er] o olloo| % y[x,ofr]q P ®)
rf ra
which multiplied out and transformed back gives
L =1
Qdc =y Eff(Qfa * QErQra)Pac 9
Qf

An approximate description of the system could be obtained by adding some of ine natural modes, including
all the rigid-body modes to these. This has not been tested numericaliy.

Some simple exploratory calculations have been made in the case of 'discrete-constraint' modes, which

is another approach useful when the stiffness matrix is singular. The term is used to denote the fundamen-
tal modes of the system described by the equation

P O R I N T I L B N T I
0
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(u Agg - Edd)qd 0 (10)
which each of the constraint equations, collectively described by

craQadqd o an

used separately as a subsidiary equation., The constraints applied are the equivzlents for the discrete
loads on the actual system, i.e. a discrete-load mode under a force is replaced by a discrete-constraint
mode with position constraint at the point of action of the force. The constraints can be applied before
or after the system is transformed to one orthogonal to the body freedoms.

The 'true' modes of the wing with £laps and stores were obtained by setting up the dynamical equations
for the wing primary structure, the flap beams and flups and the pylons and stores and solving them
simultaneously. The wing primary structure, which originally had 98 degrees of freedom, was approximated to
by its lowest 70 normal modes and 6 discrete-load modes. Each flap beam had 2 distortion modes and the
flaps had 30 degrees of freedom Zn toto. The pylons each hai 3 distortion degrees of freedom covering
motions in pitch, roll and torsion. The total number of degrces of freedom subsequent to the application
of continuity constraints was 112. The approximate systems wire made up of up to 10 normal modes for the
bare sing and flap, 6 discrete-load modes of the wing , rimary structure, with the coefficients modified
to take account of the flaps, and 6 pylon distortion modes, alding up to a maximum of 22 modes. The
frequencies of the first 10 modes of these systems were comparad with those of the txue system. For the
biggest approximate system the maximum ervor was found to be 0.042. The errors were not all of the same
sign which suggested that the theoretical accuracy of the spproximation was greater than the numerical
accuracy with which the modes were calculated. Were the differences in frequencies larger it might have
been nocessary to formulate other criteria of accuracy. A comparison of the frequencies obtained when
fewer normal and discrete-load modes- sere used showed that the modes were dominated by the effect of the
heavy stores. A good indication of ttis was that the approximations with 6 discrete-load modes cnly were
beti2r than those with 10 normal modes only apart from those which had a large flap or beam content. Also
the approximations were significantly worse when the discrete-load modes for the outer pylon fixing points
vere excluded. Therc is no reason to believe however that the method would not give good approximatiors
with lighter stores and it certainly weccks in the no-stores case. It would appear that, in the case of
the structure considered here at ieast, accurate results can be achieved by including ali the discrete-load
and pylon modes and norral odes up to and including the first whose frequency is above the maximum
frequency of interest. Further details of the calcvlations are given in Ref.l.

The approximate method used here has wider applications in the representation of substructures. For
instance, from some furthar calculations that have been madel, it can be surmised that fewer modes of the
wing primary structure and flaps would have been needed to calculate the wing-with-flaps normal modes if
soue of the modes for the wing primiry structure had been the modes under discrete loads at the flap beam
junctions and some of the modes for the flaps had been discrete-constraint or -load modes for the beam
junctions.

3 CONTOURS OF CONSTANT FLUITER SPERD

A representation of the wing structure such as the above is useful for providing data for computer
programs which calculate contours of constant flutter speed against two store mass or pylon stiffness
parameters for the aerodynamic coefficients for one set of modes will cover an infinite variety of
store/pylon conditions. The contour program used at RAE is based on inverse iteration and circular
extrapolation.

The form of the flutter equaticns generally used in the UK can be written
2 -1 wu=2
AN+ (B+Dv )X+C+%2 “Jqg = O 12)

where A, D and E are re2l matrices associated with the structural properties of the system, B and C
are real matrices associated with the aerodynamic properties, A 1is the (imaginary) frequency parameter,
v the speed parameter, and q the latent vector.

An abbreviated form of Eq.(12) is

[sz + B\ 4+ E]q = 0 (13)
which can be written in linear form as
_l_ _]_
-A"'B -A Cf|p P
= A (14)
1 ¢ liq q
where p = Aq.
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Iteration according to the equation

-13 + nl A—IE p3+;] o N P, as
- - - N
-1 LU |98 g

results to convergence to the latent root nearest = .

Eq.(15) can be replaced by two equations

g4y T Pge -0 - ﬂ)qs (16)
and
] (7A + B)ps+l +Cq,, = -\ - ﬁ)Aps . Qa7
{‘ , Substituting for Uy in Eq.(17) from Eq.(16) and multiplying by = gives
% , 2 - = -
b ’ (r"A + 7B + L)ps+l = (A~ rr)(Cqs - nAqs) (18)

Once one point on the contour has been found the stability at any point near to it can be found by
. wmaking the appropriate modifications to the coefficient matrices and iterating using Eq.(18) and Eq.(16)
it ! with the frequency parameter at the known point on the contour as the pole % . The sign of the real part
: : of (A - 7) determines which side of the contour the trial point lies.

b t The choice of where to search for the contour is based on the assuwption that an arc of a circle .
ks wi.ll be a good approximation over a limited range. In general three previous points on the contour will .
;3 be available (say A, B and C of Fig.2). A circle is drawn through these points and the positions of ’
B the last two points are defined in terms of the angles (a,B) between the radii through them and the first
;{* point and the next point is searched for, using Muller interpolation, along a radius which is at the same

angle to the radius through the last point as that is to the radius through tne point before ‘y = 8 - a).
The search is commenced on the circle (at Dl) and continues until (A - 7) has a small enough reai part or
until it is predicted that the contour lies more than a limited distance from DI. If the latter is the
case the value of y is halved and this can happen a number of times if the contour proves difficult to
g find. On the other hand if the contour proves easy to find the value of Yy wused for the next point may
K be made greater subject to maximum limits, one of which is part of the data and the other rt of the

! program. Thus the intervals between points on the. contours vary constantly with the tortuosity of the )
contour. One of the main objects in writing the programs has been to reduce the awount of human interven- !
tion to the minimum. Further details of the program are given in Refs.2 and 3. s

The method does not cater for the exact lining-up of assumed and calculated frequency parameter but
if it is so wished the aerodynamic coefficient matrices can be made consistent with = .

'ﬁf, 4 INTERPRETATION OF CONTOURS OF CONSTANT FLUTTER SPEED .

Fig.3 shows the diagram from a typical output of the contour program. The store mass parameters are ¢
the mass and the square of the radius of gyration of a store on an inboard pylon. This output was
preceded by conventional solutions for the system roots versus airspeed at the mass parameter points shown
on Fig.3, in order to find critical flutter speeds, which were used as starting values for the loci of '
flutter speeds versus one mass parameter with the other mas. parameter held constant. These solutions «
were obtained by one of the options built in to the contour program, and they themselves are used for
starting values for finding the contours.

. It may be seen from Fig.3 that there is a sharply critical cowbination of store mass and radius of

b gyration. The physical basis for this critical combination is of obvious interest, particularly for

¥ assessing the likely change in the critical mass parameters for a change in another parameter, such as
pylon stiffness. Diagunostic procedures are available4 for interpreting flutter conditions, but the

number of parameters in a wwg-with-stores calculation is so large, and some of the stiffness data so
uncertain in the early stages ~f design, that a very rapid and easily obtained indicator is desirable.

The frequencies at zero airspeed of the modes involved in the flutter solutions are easily found, and
variations of these with one mass parameter can be helpful. Fig.4 shows the zero airspeed frequencies
versus store mass for a value of store radius of gyration close to that of the most critical store combina-
tion. Comparing Fig.3 and Fig.4, it may be seen that the most critical store mass combination is associated
with the proximity of the second and third normal mode frequencies. Alternatively, it may be possible to
divide the system of equations into a set of predominantly 'bending' modes (e.g. wing vertical bending,
store pylon lateral bending) and a set of predominantly 'torsion' modes (e.g. wing torsion, pylom pitching)
and the variation of the zero airspeed frequencies from these sets separately miy be plotted against a
store mass parameter. Fig.5 is an example of this presentation for the same sy:tem as in Figs.3 and 4,

It may be seen that on Fig.5, the critical store mass combination is associated 'ith the proximity of the
frequencies of the second 'bending' mode and the first 'torsion' mode.

Obviously, a serious study of the flutter coupling should involve the shapes of the modes of the system,
but the large number of specific configurations of potential interest in a wing-with-stores analysis can
easily lead to » bulk of mode shape results that is difficult to assimilate. Modal frequency results are
more compact and can provide a useful quantitative guide to the effects of parameters, so that the plotting
of mode shapes can be confined to a bare minimum of the most important specific configaration cases,

e ATy e A = = [ T e .
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U.K. JAGUAR EXTERNAL STCRE FLUTTER CIEARANCE

by

C.G.10DGE and M.ORMEROD

British Aircraft Corporation Limited,
Military Aircraft Division,

Warton Aerodrome,

WARTON. Nr.Preston. Lancashire.

SUMMARY :

The paper describes the flutter clearance of U.K. Jaguar using a
combination of mathematical modelling, grcind resonance end flight
testing leading ultimately to clearance of a wide range of under
wing stores. Some improvements in modal modelling techniques are
outlined. These should enable reductions in future ground and
flight testing times to be made.
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3.

INTRODUCTION

Modern eilitary aircraft are sxpected to carry a wide rangs of external stores, many of
these on flexible underwing pylons. For a relatively eszall aircraft such as Jaguar where
external stores are carried on two undesrwing pylons and an underfusslage pylon (Figure 1)
and the masges of the heavier stores are of the same order as the wing itself, it is
evident that the structural modss and hence the flutter status of the aircraft will

change considerably from one store cozbination to another. On Jaguar, furthsr cozplications
ariss becouss multiple stores can be carried on a "tandem bean" and side by side carriers,
which are fitted to the underwing pylons, aund these introduce additional flexibility.

The resulting prodblem of clearing for flutter a wide range of ''different" aircraft has
been approached by a ccmbination of theoretical calculations, ground and flight tests.
This report deacribes the procedures followsd concentrating on the techniques employed
and discusses some of the results obtained.

CLEARANCE PROCEIURE

It was decided that the most efficient and economical method of demonstrating the clearance
was by utilising as extensively as possible a theoretical model of the aircraft structural
modes and their associated aerodynamics. The calculated modes could be checked against

the appropriate ground resonance test data and if necessary modified to achieve a successful
match. With the structural representation thus validated, flutter behaviour could be
rechecked by calculation and che critical configurations identitied for investigation in
flight tests. Hopefully, these flight tests would :

(a) achieve a flight flutter clearance for these critical configurations

{b) provide reliable measured data on critical structural mode behaviour
to corroborate predictions and hence,

(¢) justify an analogous clearance by calculation for all other ncn-
critical stores without the need for further specific instrumented
flight tests.

This approach aims to derive maximum benefit from extensive but relatively cheap calcu-
lations in order to confine flight testing by a few key configurations. It hinges crucially

upon :
(a) a confident choice of the key conftigurations for flight tests,
and

(b) Measuring modal data, in flight, which is extensive and reliable
enough to allow meaningful comparison with predictions in order
to support the analogous clearance.

Its final success depends upon a good correlation from (b)

THEORETICAL MODELLING

Thus the underwing stores flutter clearance program relied fundamentally on the quality

and efficiency of the theoretical calculations. It was recognised that these must not

only predict potentially critical store coubinations with sufficient accuracy but must also:
(a) allow the key structurzl and aerodynamic parameters to be identified
(b) allow flutter status of any new stores to be established gquickly

A theoretical model has been sel up using a combination of branch modes for :

(i) clean aircraft, and

(i1) pylon/stores.
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This component set has several advantages over the normsl modes of the aircraft including
underving stores :

(a) The cleun aircraft modes and flutter behaviour is well understood
and validated froo clean aircraft ground resonance tests and
flight flutter clearance data.

(b) The pylon modes have been chosen so that modal stiffnesses can be
irsertod easily from static stiffness test data, These in turn can
be verified by calculating the associated normsl modes ard cozparing
theses with rig mounted pylon-stores resonance test data.

(c) The modal generalised inertias are cozputed once for all for each
store on each pylon and combinations constructed by appropriate
additions.

(d) As zany pylon modes as required zun be introduced, to represent
E.R.U. effocts, tandezm beazs, side by side carriers etc.

(e) The model generalised aerodynamics neglect contributions froam
pylon and etores, and hence can be computed once for all and ara
independent of store configuration. So far as can be judged fronm
calculation and test dava, this simplification introduces errors
within about 5% on flutter speeds.

Theoretically derived modes were used for the basic aircraft representation. These were
computed from wing, tail and fuselage branch modes and in the initial, pre G.R.T. stages
were confined to fixed root wing modes. Although this sacrifices some accuracy in flutter
speed prediction, the basic store flutter couplings are unchanged and the wmuch reduced
nunber of modes allowed a significant economy in cozputation and eased interpretation of
the calculation output. This allows a better understanding of the fundamental couplings
and sensitivities. Finally the full aircraft free-free theoretical modes were incorporated
into the model and have been used to match aircraft G.R.T., to define the flight flutter
test configurations, and provide comparison with flight data.

FLUTTER CALCULATIONS

It was clear at the outset that fuel tank sequencing would need particular attention. ’
Two possible flutter couplings were identified with the prototype fuel sequencing system,

using fixed root wing modes (Figure 3), and these survive when outboard stores are intro- '
duced. (Figure 4). Corresponding celculations using complete aircraft modes showsd that
although these wing-store flutter speeds changed, the flutters still occurred at similar
frequency, with the saze store mass properties but were milder in type. (Figure 5).

Detailed inspection of the flutter mode shapes revealed that these wing flutters ariae
from couplings between modes which resemble fundamental wing bending and torsion.

Further, i1t can be shown that : ‘

(a) componen. modes of wing bending, inboard and outboard pylon lateral
bending combine to produce three ''wing bending! modes

(b) component modes of wing *orsion, inboard and outboard pyloa pitch
combine to produce three "wing torsion' modes.

The wing store flutters which have been found for a wide range of stores all arise from
couplings between modes of these types. These effects can be illustrated most clearly
for the case with inboard tank alone (Figure 6) when the two types of flutter are both
associated with the first "wing torsion” mode frequency colnciding with first and second
"wing bending" modes.

Simjlar relationships can be identified in the more complex inboard tank/outboard bomb
case (Figure 7). It is clear that pylon mode stiffnesses are the key structural feature
in wing-store flutter. The stores which are predicted to be most critical will change if
pylon stiffnesses change, and some further evidence of this is given in Figure 8. Note
that these trende are characteristic of frequency coincidence.
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5.

6.

GROUND RESONANCE TESTIM

The reliance on theoretical calculations ard cheir aensitivity to pylon stiffnesses
dictated rig mounted stiffness and resonsnce tests on inboard and outboard pylons for
a representative rangs of store mass properties. Subsequsntly, a few coaplete aircraft
resonance tests w~re completed with a typical atore,

(a) on inboard pylon only
{b) on outboard pylon only
(¢) in combination

to verify the overall mathematical model and in particular the important pylon stiffnesses.

A1l the normal modes were measured, up to and ircluding the highest frequancy pylon induced
wing bending/torsion mode which might be a source of flutter coupling, based on the thsoretical
review,

The maasured norcal modes were compared with the appropriate predictions (Figure 9), where
labels have been attached which describe the predominant structural motion in that mode.

The correspondence is good whsn only the inboard or only the outboard store is fitted, but
relatively poor vhen these are in combiration. An alternative set of pylon stiffness values
was derived (Calc.2) which provide a better match for all three configurations. These
adjustments were small for the inboard pylon but up to 0.5x the values established by rig
tests for the cutboard pylon.

It was conjectured that the 6 wing normal modes which were retained in the clean aircraft
representation might be insufficient to define local wing distortion near to the pylon-
wing attachzment. Failure to account for these effects would be consistent with compensation
via a reduction in pylon stiffnesses, as evidenced by the aircraft ground resonance test
matching. Further evidence for this is presented in Figure 10, This demonstrates the
accuracy of calculating wing-store modes (for a rigid pylon) from a finite number of clean
Jaguar wing modes. Irom this there are substantial inaccuracies at lowv frequencies even
with twelve clean wing modes. These can however, be avoided even with only 3 clean wing
modes, provided that additional wing modes are introduced which ars the statically distorted
wing shapes for unit vertical shear, bending mowent and pitching moment applied at each
pylon-wing attachment. Such discrete load modes clearly retain significant local distortion
effects which are discarded in the higher order clean wing modes, and they retain the concept
and economy of the component mode approach.

For svYsequent applications, it might be expected that the increased accuracy of predictions
will allow the critical store configuration to be confidently defined prior to ground
resonance testing, given some test data on pylons. In addition, it might be corsidered
sufficient in future only to resonance test one configuration, eg. with both pylons loaded.

SELECTION OF MOST CRITICAL STORES

The basis of selection on Jaguar is juxtaposition of wing bending and torsion type mode
frequencies, supported by representative flutter calculations for each nossible region
of coincidence.

Inboard stores only

Figure 11 shows the frequency of thke norual modes of bending and torsion types which fall
within the important frequency range for a wide range of projected stores. It is evident
that for all these stores, the bending and torsion mode frequencies are substantially
independent and uniquely related to pylon lateral bending and pitch mode generalised
inertias, respectively; that is, to store mass and to store pitching inertia. Super-
impositon of Figures 11(a), 11(b) reveals two potential flutter couplings:

(1) B4/ (10 Hz) - for heavy, slender stores, eg. full fuel tank

(2) B2/?1 (10 Hz) - for medium weight, short stores, eg. bombs/part full
fuel tank.

Flutter calculations are already available in these classifications; the mild flutter on
Figure 3 is B1/T1 and the severe flutter is B2/T1.
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Updated flutter calculations with new pylon stiffnesses confirm that the latter is more
izportant, and reveal that the fuel tank with prototype fuel sequencing system is atill
the most critical store for this type of flutter. Similarly, the fuel tank is =zost
critical for the alternat ve, milder type.

Outboard Stores only

Sigilar modal frequency characteristics can be identifiad for outboard stores only (Figure 12).
Superimposition in this case reveals :

(1) B1/T1 coupling -~ medium weight, slender stores, outside the present
range.
(2) B2/T1 coupling - for most of the stores in the current inventory
Thus, flutter calculations were necessary for noarly z11 the projected outboard single stores.
These revealed that only the B1/T1 coupling is potentially critical. Very mild couplings and
no flutter resulted from the B2/T1 frequency coincidence. Thus, none of the stores in the
current inventory are critical when carried alone on outboard pylon.

Inboard and Outboard Stores

The problem becomes more complicated now, as there are three bending modes and two torsion
modes to consider. Figure 13 shows the pocsible bending mode frequencies and Figure 14 the
possible torsion mode frequencies as a function of inboard and outboard store inertia
properties. Obszrve that there are six possible sources of coupling :

(a) B1/T1 flutter is only possible whon heavy slender stores are carried on the inboard
pylon. The most critical combination is with a small light outboard store. {og. full
fuel tank in Figure 6).

(b) B1/T2 flutter would require store mass and inertia outside the range considered at
present.

(¢) B2/T1 is most likely for store corbiunations with moderately heavy stores on the inboard
pylon and light stores on the ou... .rd pylon. (the S50% full fuel tank case in Figure 6).

(d) B2/T2 flutter would require an unrealistic store mass and inertia combination.

() B3/T1 is most critical for a ccmbination of inboard and outboard stores which are
similar in weight {eg. the 50% fuel tank plus outboard bomb flutter in Figure 7).

(f) B3/T2 is most critical for heavy outboard stores. (The full fuel tank plus outboard
bomb flutter in Figure 7).

The most critical store combinations were established for flutter calculations in each
of these regions. From these the potentially critical flutters occur when the fuel tank
i3 carried on the inboard pylon both with and without outboard pylon stores. Types B1/T1

and B2/T1 have higher flutter speeds than the inboard only stores case, and B3/T1 and B3/T2
have the lowest flutter speeds of all.

SUMMARY

From this review, the following projected store configurations emerge as critical, in order
of concera :

(1) tenk inboard plus bomb outboard
(2) tank inboard only
(3) tandem beam stores inboard plus outboard bomb
(4) tandem beam stores inboard only
and these were selected for flight flutter testing.
The multiple carried stores vere predicted to be less critical for flutter than the fuel

tank, but there was a possibility of esignificant structural response in several poorly
damped, local beam modes.
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7. FLIGET TESTING

Straton:

Calculations have shcwn the inboard fuel tank wes the most critical stors for flutter.

It was decided to fluttaer test this alone initially, anticipating that the experience and
data gained would help considerably in interpreting the more complicated and most critical
configuration, according to prediction, with outboard bomh.

This spproach was als¢ adopted with tandem besams inboard. In each case (4 configurations)
specific excitation and instrumentation was fitted.

Finally, on successfuliy coampleting ths above programme, single flights wero planned with
less critical stores, which were cornfidently expected to be flutter free. In these flights,
no specific excitation vas attempted, other than pilot opinion of vibration responee to
turbulence, manoeuvring etc., en route to the design clearance speed.

Excitation was effected via slectrical inputs to the main teileron actuators (inherited
from the clean aircraft clearance) covering cn appropriate frequency range. This proved
to be more effactive than bonking the wing o: providing electricel inputs via wing spoilers.

Accesleration transducers were mounted on the stones emd on fuselage, wing and tail.
Signals from these could be recorded on magnetiz tape during the flight.

Analysis:

Raw time histories of the response signals allowed a watching trief to be kept on real events.
Cozputer unalysis of the signals yielded power spectra which assisted in the subsequent
interpretation of these events. Final quantitative analysis provided modal data for justifying
fligkt envelope expansion and for correlation with predictions.

RESULTS

Scme results are included here from flight tests on the most critical inboard tank/outboard
bomb combination.

A typical spectral variation is shown in Figure 15. For this, a large number of semples,

each of short duration were taken. These particular results are taken from the tank nose
vertical transducer and demonstrate in a striking way how the two wing torsion mode frequencies
develop as fuel is used from the tank. Because of short sampling times, these spectra cannot
be used to obtain accurate dampings but taken together they give a very clear picture of
frequency trends eg. Figure 16. Note that all the potential flutter couplings are excited

and that the critical condition will be closs to 60% tank fuel.

More accurate estimates of frequency and damping were cbtained by further analysis of the
impulse response, derived by spectral division and inverse fourier transformation using
spectra taken from longer data samples.

Frequencies and dampings obtained in this way are shown in Figure 17 for the potential
flutter mode of the tank/outboard bomb sture combination. There is some scatter in the
results but the overall trend in frequency and damping is clear. Also included in the
plot ars the predicted trends for this mode. If 3% critical damping increase is introduced
from the structure (where about 2% could be expected from GRT results) then a good match
follows. Observe that 60% fuel state is indeed the most critical condition.

In general, the comparison with predictions was acceptable for the form configurations
tested, and no flutter limitations were sncountered.




8. CONCLUSIONS
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At this stage :
(a) a theoretical model hac been established, and
(b) vslidated by ground resonance test on key configurations.

(c) the most critical store configurations have been successfully cleared by flight test
to the full flight envelope of M = 0.95/Sea Level

(d) good correlation between flight tests and predictions has been achieved over a wide
range of store configurations.

We therefore claim that clearance can be justified, by analogy, for all other projected
stores, without a need for specific flight flutter tests. In the course of subsequent
flights to assess handling/performance of non-critical. stores, there have been no indications
of any flutter problems.

Thus, from flutter tests on U4 configurations, a full flight envelope clearance has been
achieved for 85 possible combinations of known stores.
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FIG. 8.

e FLUTTER SPEEDS [INBOARD FUEL TANK (55% FJUEL)
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COMPLETE AIRCRAFT GROUND RESONANCE TEST.
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FIG.11.
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FIG 15.

EXAMPLE OF SEQUENTIAL SPECTRA FROM FLIGHT
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FIG. 16

FLIGHT TEST RESULTS COMPARED WITH PREDICTIONS
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f FIG.17
i
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FLOTTENENT D'AILES EQIPEES DE *0TEURS EN NACELIE
par R. Destmwynder

Office Natioral d'Etudes et de Rech:rches Adrospatiales (ONERA)
92320 Chfitillon (France)

Résupé

Le calcul et les cesures des forces aérodynaniques instatiomnaires effectués en éroulement subsomugue sur
une paquette équipée d'un réanteur en nacelle contrent que l'interaction entre ] réacteur et l'aile reste
négligeable., Par contre les forces alrodynaniques induites sur le réacteur lui-clme par son propre c—ouvercnt
sont importantes et jouent un rdle ron négligeable dans le bilen des forces généralisées.,

Le réacteur en nacelle a donc pu 8tre traité séparément, Il a é4é assimilé & un cylindre & peroi mince
avec écoulexent interne et externe.

Une application & un cas de flottement a été faite oontrant 1'importence des forces sur le réacteur ; un
bon recoupenent a été &tabli entre théoric et expérience 4 Mach = 0,80,

FLUDTER OF WINGS EQUIPPED WITH LARGE ENGINGS IN POD
Sugpary

Calculetions and measurements of unsteady aerodynamic forces performed in subsonic flow on a rnodel eguipped
with an engine in pod showed that the interference between engine and wing remains negligible.

It was also shown that the aserodynamic forces induced on the engine itself by its owm oscillation are
importent and give a significant contribution to the generalized forces.

Account was taken of these two remarks and the aerodynemic forces wers calculated separately orn the engire
which was assimilated to a thin walled cylinder with intcrnal and external flow in the axial .irection,

An application to a flutter case shows the importance of the contribution of the forces cn the engine, A
good agreement was obtained between theory and experiment at liach nunmber M = 0.7C.

I, INTRODUCTION

A la suite de uesaccords observés dans l'évolution des puramétres de fréguences et ulamortissere. ts théo-
riques et expérimentuux, sur une maquette aéroélastique de voilure équipde d‘un réacteur ca nacelle, il o paru
intéressant d'étudier 1'influence de ce dernier sur les forces aérodynarioues instationneires,

Les résultats ont montré que les pressions instationnaires induites sur l'aile par un mouverent du réacteur
restaient négligeables, bien gue mesurables,

Par ailleurs les forces aérodynamiques instationna.res induites sur le réacteur lui-zue gar sa propre
o~cillation se sont révélées trés importantes, C'est ainsi que pow une cscillution de l'ensewble aile rdéacteur
autour d'un axe passant au voisinage des mi-cordes, le moment ues forces aérodynanicucs agissant sur la nacelle,
par rapport & l'axe d'oscillation est égal au quart du moment total,

On a pu en conclure gue les calculs d'aéroélasticité ne pourreient pas négliger l'in uence au rdacteur,
nais powrraient 8tre effectués sans tenir compte du couplege avec l'aile, c'est-2-dire que les forces aérodyna-
nmiques agissant sur le réacteur pourraient &tre évaluées séparément,

A la suite de cette remcrque des calculs dans lesguels le réacteur en nacelle est assimild & un ou dewx
cylindres circulaires concentriques & parox mince, ont été développés dlune part par une nétnode de doublct
(calcul développé par le i.L.R.) d'autre part par une méthode de surface portante (ecalcid élwhoré par L'CInlA).

les résultats fournis per les théories se recoupent tres bien entre eux et correcterent avee llex; ‘rience
et traduigent bien, entre autres, l'effet du réasteur sur les linites de flottement.

Ltétude était d'autant plus justifide que cet effet s'est révdll défavorabla,

La maquette, qui comprend une deri-voilure rigide, munie ou non de son réacizur en pod, ¢taii fix{ sur wn
support qui permettait de la faire osciller sinusoidalenent,

L'incidence moyenne pouvait 8tre réglde, ce qui a permis de réaliser deux séries d'essais :
- une série dans laguelle 1'écoulement stationnaire était supercratigue (2 It = 0,88) référencs [1_,
oo : - . .
- une série dans laquelle 1'incidence wnoyenne (-~ 45 tn) et le nombre de Kach maxumu (I < 0,8) avaient ¢
choisis de telle fagon que 1'écoulement reste subcritigue sur tout le profil,
Cet article concerne wniguerent la cdeuxitme série d'essais.
Le réacteur en nacelle ctait lié rigidement & l'zile et solidaire de celle-ci dans son mouvement J'oscilla-
tion, L'axe d'oscillation était situé & 52 ¢. des cordes.

Des capteurs de pression répartis sw l'aile et sur la nacelle ont peruis de déter-iner lo répartition ues
coefficients de pression instationnaire et a'obtenir, par inlégrition, les coefficients sans dimens.ons gui
expriment les forces et les moments pour le nouvement d'oscillation considéré,

La comparaison des résultats obtenus avec et sans réacteur a permis de sépaver 1'influence we ce dernicr.,

Fl
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IT.1 - Description du montage

L'aile dont la forze en plaen est donnée par les figures 1 et 2 était dquipée de cepteurs de pression &
court teops de réponse répartis sur cing cordes distribuées en envergure suivant une loi de Multhopp,

les anplitudes anpulaires du mouverent de tangage étaient réglebles entre 1C et 45 minutes, L'aile était
considérée comme rigide, les premiéres fréquences propres se situant & 66 Hz en flexion et 185 Hz on torsion,

ey ser A mdorg waes’ L

Lle rappel élastique était fourni par une leme de rigidité réglable par valeurs discrdtes, montée sur un
arbre porté par des lames en croix dans le prolongement de l'axe de tangege. L'excitation était réalisée & 1'aide
de 4 pots électrodynaricues, cortés par le réme arbre et délivrant un moment maximum de 2C Nn. Afin de réduire les
nouvenents parasites de flexiun, l'axe de rotation était inposé, u Ll'extrénité de 1l'aile, par des clibles d'ccier
tendus & travers la veine, Les fréquences d'essai, & divers nombre de Kacx:, éteient de 35 & 48 iz dans les dewx
configurations (avec ou sans réacteur), les mesures ont été réamlisées également en stationnsire (fréquence nulle).

I NaanddSo F sen

lors des essais dynamigues on mesurait en outre le moment aérodynamigue instationnaire global autour de L
l'sxe d'oscillation, %
L'éouiperent de pesurt des pressions instationnzires permettait 1'anclyse, en temps réel, des signaux i
2 oy rd ré s » s ry 3
délivrés simltanément par dix capteurs de pressiun. aprds analyse ces signauwx étaicent coyennés pendant dix i
secondes pour récuire les effets narasites dus & la turbulence de la soufflerie., N
La chafne de rmesure entifrement eutomatique, demandait roins d'upe cinute pour 1l'acquisition et le traite- j
ment de l'ensemble des résultats (70 paramdtres complexes). 3
]
{
11,2 - Effet du réscteur en nacelle sur la voilure 3
3
Les rressions instationnaires sont présentécs' sous la forme de coefficients sens dimension, C P définis @ ;
et
sz.AE:CP+ICP H
4
avec Ap: affixe de la pression locale , q = pression émenmicue {
0 = affixe de 1'angle d'oscillation, pris parallélement & 1'écouleuent, ' b
4
la fréquence réduite est dérinie par (U, .-..2(;)?’5.( Sétant la denimenvergure de 1'aile). o la fréquence nulle :
(stationnaire) ln distribution de pression expéramentele o §té idduite des C..uips de uression statijue mesurés b
pour les incidences de zéro ot moins 45 minutes. 23
Les figures 3, 4, 5 et 6 prdsertent les répartitions de Cpaux nenbres de hach K = 0,6C et Il = 0,80, pour \
les configurations avec et sans moteur et pour les sections les plus caractérasticues (sections 2 et 3).
’ I3 s ’ s n i ,
Ces sections sont les seules concernées par l'effet uJ'interaction entre réactewr et voilure ainsi qu'on 1
I - » ¢
peut le consiater, ,.r exemple, sur la figure 7 qui reprisente la distributicn de p= K =0,80, avec et sans N
réacteur, pour La section n° 5, & 88 ¢ de l'envergure de l'aile, }
]
0a peut observer que l'effet .'interaction weste toujours fa.ble et cu'il est localisé swr le bord a'attague 3
de 1'aile, I1 n'affecte pretiguerment gue la pariie réelle ces coefficicnts C p+ Le comparaison avec la distribu- i
tion de Cp stalionnuire sans woteur contre que les coefficicnts sont trés peu sensibles i la fréquence réduite %
dans le germe de fréguence étudide, : 5
irs R . . . . . : : 3
« caleul 'interaction agrodynamisue, elfectul par le Iutional Lucht en lJuictevaartlaboratorium d'Amsterdar, i
par la néthode des doublets, référence [2_1, confirme bien cette ¢volution, 3
Pour les cordes situdes entre l'emplanture de 1'aile et le rdacteur, l'effet du réacteur owr l'saile crée -
une légére déportance tandis que 1l'effet inverse eust ouservé pour Jes sections au-weld du réactewr, £
3
Calcul et explrience sont un o, accord et nontrent que 1'interaction du réscteur sur i'aile est trés ;j
locale et 'intensitl suffisemment faible pour pouvoir 8trc niglide dans les calculs de flotiement. , 5
R
1.5 - Bifet du rénctour sur Iui-idne X
L*étude a mentré 'importunce relative des effnrts instationnaires sur lc réacteur lii-nélne compards aux A
efforts exercés sur 1. veilure dans un mouverent de tangage de l'ensenmple, 3
@
Ies efforts swr lo réactewr cnt été déterminés de deux fagons : 3
- par diffirence ues .omenis de tangage déduits de 1'dvolition de la fréquence prosre sur la maquette evee i
et sans réacteur 3
- par pesée dqu rdéacteur, K
i
¥
’ Iy . s Ry 2 3
11,3.1 - Détermination & portir des fréquences "
¢
Les forces adrowmaniqves déper ent lindairerent de Ll'an,le J'oscillation et ont pour effet de faire varier 3
le fréquence yropre et l'anortissencnt du code d'oscallation de lu naquette, Le nontage comportant un seul aegr N
de liberté, les formules gqui ex,riment lu variction we [riguence ¢t lua varaation d'amortissement en fonction du :
cocfficient complexe de moment sont simples et peuvent ftre exploitées mour wéterminer ce coefficient i pertir J
tes fréquences et des amortissenen’s mesurés en soufflerie, 3
! v ” . s . . e Y 3 K3

mg =Mg +imp ¢tant le coclficient e nmoment zutour c.ga 1taxe d'oscillation, pour une zmplitude angulaire N
3 ; . 2 *
de 1 radian, on 2 : m'9=k‘E'F°) ;
Ps ¥ MZ :
ch Fo et f sont les frégquences propres ¢'oscillation sans vent et avec vent 5
K un coefficiert incluant la nesse généralisée dv ontage e le volume de référence P
Ps la pression staticue dc 1'dcoulement, X lc rarport des chaleurs spéeifiques, M le nombre de lach. .
. . s ' RPN . . A i

Sur 1la figure 8 a été porté le cocfficientm grelatif L l'ailc avec et sans réectewr, en fonction du nombre
- 2 . rd ’ : ry 2 & s !
de ilach, sour différentes fréquences réduites d'essai. La cowrbe de la figure ¢ -onlre 1l'importance rel.tive des s
forces sur le rdéacteur, 3
*
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Le coefficient K est donn$ par
k = m’g global -m.Q ajle geule

mp Rlektal
La valeur de K est de 1'ordre de 25 % et dépend peu du nozbre de Mach et de la fréquence réduite,

Dans le cas d'un mode de vibration de "tangage moteur' d'une aile flexible, l'amplitude anguleire dn moteur
serait plus importante que celle de l*aile et la valeur relative du moment dQl & la nacelle s'en trouverait scerue,

Ce coment sgit & ltinverce des forces élastiques, qui tendent toujours & remenmer la structure vers za posi-
tion d'équilibre, et il a en général un effet défavorable sur le flottement (esfet Ze reideur négative),

Son importance s'explique par l'écoulecent & 1'Intérisur de la racelle, Celle-ci, en effet, se comporte

comme une aile annulaire dont les oscillations engendrent des variations de pression importantes an voisinage de
1a secticn d*entxée,

11.3.2 - Déternination par pesés

Du fait Je la faible varistion du coefficien* K avec 1a fréquence réduite et le nopbre de llach des mesures
comparatives par pesde ont pu dtre effectudes en slationnaire et & faible vitesse (incompressible), dans une
petite soufflerie de Laboratoire, cn faisant varier l*incidence entre - 3° et + 39,

Ces mesures ont montré que le foyer £tait situé trds en avant du réacteur el que 1'effet pertant était
localisé au voisinage de la section d’snirée d'air.

Ie coefficient de moment qui a été trouvé rewdésente la différence m'g global -m'g aile seule et permet
d'évaluer le rapport de moment K défini dans le paragcaphe II.3.1.

La valeur obtemue, qui est égale & 23,2 %, recoupe bien la valeur déterninde & partir des variations de
fréquence (paragraphe I1.3.1).

III - I, DES E. AT CUT, E RS {

Ltétude expérimentale de l'aile avec réecteur en nacelle a montré que le plupart des problémes d!aéroélas—~
ticité pouvaient &tre traités en calculant les forces aérodynsmiques sur ltaile et sur le réacteur séparément,
sans tenir compte des interactions,

Le calcul des forces sur l'aile ou le réscteur par la théorie des doublets ou de la surface partente est
donné dans les références [2] et [6].

Nous nous bornons ici & présenter les résultats,

III. -

Le calcul fourrit les coefficients K,, Kz, 1(3 et K4 qui expriment la portance et le moment aérodyneniques
sur la nacelle, par rapport & un axe de référence choisi & 50 % de la longueur du cylindre qui
la schématise dans le caleul. Ces coefficicnts sont définis par 1'équation matricielle :

FL ais Kt ke s/L
mE Y ks k,,] [%

ol F est 1'affixe de la portance
Mest 1'affixe du moment autour de 1'axe de référence oy normai i 1'emplanture
$ et oL définissent le mouvement dfoscillation : §  est 1laffixe de la translation au niveaw de ltaxe de
référence, et ol L'affixe de l'angle d'oscillation,

Les coefficients K1 ) oo K4 sont complexes et ils dépendent du nombre de Mach et de la fréquence réduite,
K1 déternine la portance due & une oscillation de translation verticale,

K2 détermine la portance due & une oscillation Ge tangage autour de l'axe oy.

K3 déternine le moment 40 & une oscillation de translation verticale,

K4 détermine le roment dl & une oscillation de tangage autour de oy.

I1I.1.1 - Comparaison avec la théorie de 1l'écoulement bidimensionnel

En considérant un cylincre dont le diomdtre 2R est grand devant la longueur 2i on doit trouver des résultats
comparables aux coefficients donnés per la théorie de 1'écoulement bidimensionnel. Pour ie véricier, on a effectué
une application 3 un cylindre de 24 mbtres de rayon et de 1,2 mdtre de longueur, & (Jg faible (0,05) et & Mach
0,5. Les resultats sont présentés dans le tableau ci-aprés. les coefficients dornds par la théorie du cylindre ne
sont pas rigowrcusement égaux aux coefficients de 1'écoulement bidimensionnel, ce qui est normal puisque le rap-
port R/L n'est ras o0 , mais les différences sont relativement faibles,
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Bidirensionnel Théorie cdu cylindre
KI 0,023 + 3 0,1 2,016 + § 0,11
KZ 2102 - J °|29 2'2 - j 0,27
K3 -0,012 - § 0,05 -0,603 - § 0,05
l{4 -1,0%8 + § 0,205 -0,95 + Jj 0,180

Pour cette conperaison les coefficients K‘ ’ ese K4 ont €té remenés gux conventions de 1'écoulezent bidi.-
censionnel.

111.3.2 - Cocparaison avec la =éthode des dcublets e la référence [2]

Un caleul a été fait 3 Bech 0,8 sur un cylindre de rayon 0,0315 n et de longuewr 0,113 0 aniné é'un souve~
cent de tangege cutour du centre du cylindre. Les résuliats ont été coaparés avec ceux obtenus per . Roos, au
512 en exployant la néthode de la référence [2].

L2 concordance est trés bonne. La seule divergence, trés faible dtailleurs, se ounifeste sur le moment, la
vosition du centre de poussée étant légeérement différente.

Yéthode des doutlets Théorie éu cylindre

(A)R = 0'045

+

K, 3,837 + 0,42 3,915 0,387

+

K4 =323 + 0,144 - 3,48 0,138 §

('JR= 0,0675
0,633 j 3,920

+
+

X 3,837 0,600 3

+

0,210 j - 3,48 + 0,210 j

K4 - 3,243

I71.1.3 - Influence de la pulsation et du Mach

Sur un cylinére de rayon 0,034 n: et de longueur 0,113 n sirulant la forme en plan du réacteur utilisé dans
les essais des calculs ont été effectués a différents nombres de Kach. A 1'exaren des réswltats on s'apergoit
que 1'évolution en Hach est trés faible, ainsi d'ailleurs que l'évolution en fréquence réduite, sauf powr certains
coefficients nuls & (Wg= 0 comme R (:{1) ou R (K,)

3
(*)R: 0

Yach ) (}:2) ] (K4)
0,2 4,51 - 3,63
0,5 4,586 =-3,7
0,6 4,59 - 3,80
0,7 4,597 - 3,915
0,8 4,60 - 4,08

(e = 0,10

L:ach R (1/.2) R (:4) R ("‘1) J (Ka) J (KI)
We Wea

0,2 4,626 - 3,682 - 0,060 9,07 2,50
0,5 4,644 - 3,809 - 0,062 9,37 2,819
c,6 4,55 - 3,83 - 0,0645) 9,58 3,03
0,7 4,563 - 3,%4 - 0,0846] 9,80 34285
0,8 4,655 - 4,09 - 0,068 § 10,10 3,67

L\)g:

_O
1
(o]

Kach R (K,) R (K,) R (£) | 9 &) 3 (&)
2 4 ! Wa P
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II1.1.4 - Coaparaison avec 1'expérienco

Pour valicer la schématisation du réacteur ror un cylinire creux, on a cozparé en incompressible stotion—
naace (la faible variation théorique des coefficients en forction de (J'. et Gu Hech permettont de se limiter 2
cette comparaison) la valeur des coefficients de rortence et ce mozent.

R(K) | R (x4)

Calcul 4,51 - 3,83

Essai 4,15 | -1,80

ie coefficient de portance est cstimé correcteent,

Une différence relative plus irportante se zanifeste sur le coefficient de mecent du fait que 1fexe de
référence est relative—ent prés du foyer adrodynemicue. Cette inmpréeision n'azprorte pas dlerreur notable dens le
calewl du peragraphe 2.3.1 parce que, dans ce cas, l'axe d'oscillation est situé trés en arriére du réecteur,

La variation de la partie imeginaire du mozent induit sur l'aile par le réacteur était suffisemment faible
pour rester dans la dispersion des cesures. Si 1'on effectue la nfce comparaison 2 partir des coefficients théo-
riques on trouve que powr une fréquerse de 50 ¥z & H = 0,8 la pertie iraginaire du moment sur le réacteur n’apporte
qu'une variation de 2 & 3 & sur le ‘erze de zoment global aile + céacteur,

L*influence des terces dus au réecteur, sur les forces globales de 1l'aile a également été calculée,

Un celecul a été fait sur une aile, pour un mouverent de tengege autour de 1'axe de rotation de 1'aile & une
fréquence de 36 Hz. Les valeurs comparées sont celles de la partie réelle du coefficient T dom.. par

It

. Aile Aile
Alle seule + Réacteur hle seule + Réactewr

M=0,6 h=0,8

calewl | ~ 10,4 10° 2| - 13,4 107 |- 10,95 107 | - 13,99 107

Sssei | -9,608 107 | -12,682 1070 | - 10,97 107 | - 14,32 1070

Si 1'on fait le rapport lioment réacteur
Kontant globel (aile + réacteur)
cozme il a été fait au paragraghe 2,3.1, on trouve une valeur identique en calcul et en essai

22,4 S5 & partir des valeurs théoriques
23 ¢ a partir des valeurs expérimentales,

Ces résultats montrent la bonne concordance des céthodes théoriques de calcul des forces adérodynamiques
sur les ailes et sur le cylindre avec les valeurs expérimentales, pour un terme direct de moment de tangage & une

fréquence déterminée,

IV - ESSAIS DE FIOTTEMENT

Pour montrer 1'influence défavorable du réacteur sur les limites de flottcment, la maquette a été montée &
l'emplanture sur un support & deux degrés de liberté (tangage et roulis) qui permet d'obtenir un flottement dans
le domaine de la soufflerie.

Deux configurations ont été essayées :

- une configuration dans laquelle l'aile et équipée du réacteur en nacelle, avec écoulement interne,

- une configuration dans laquelle le réac swi' en nacelle est remplacé par un corps fuselé de méme masse,
néme inertie et méme centre de gravité, de fagon & ne pas modifier les fréquences propres, les masses
généralisées et les déformées des deux modes propres,

Les évolutions aans le vent des dewx fréquences propres et des amortissemencs ont été délermindes i partir
des enregistrezents de réponse de la maquette & ia turbulence, par la méthode de Cole (Réf. [4]). Cette méthode
permet d'obtenir les réponces impulsionnelles de la maquette (fig. 10).

les limites de flottement ont été détermindes par extrapolation, & partir des fréquences et des amortis-
gements mesurés alors que la maquette était encore loin du domaine d'instabilité par la méthode de Zimmorman
{5]. pans cette méthode, on détemine un parandtre de stabilité, F, qui stannule & l'entrée en flottement et qui




évolue suivant unc parabole, en fonction de la pression génératrice Pi , pour une évolution & Mach constent,

Le parasdtre est domé par 3

F:[wf_mz + Bz-384 i- 3 +4 BB ( )+?_ {_&a_@_.)z_

i
2
[6:-6. [ws Qi) L2 (Beeln)*
@2 *(31 2 2
ou Os et (.Jg sont les deux pidsations propres, ﬁ = (Jq"h et fg = (.Jz d--'-.(.et o2 étant les e~ortisese=ents

réduits,

Les courbes F (PR ) déterzinées a pertir des fréquences et des ecortissecents théoriques et exvérimentaux
ont été remrésentédes sur les figures (11) et {12) pour les noabres de Fach 0,60 et 0,80.

; On voit que l'influence reiative du réecteur est plus izportante 2 Kach 0,60 qu'a 0,80, ce qui est logique,
puisque le coent df au réacteur est peu sensible au Keck, tandis que le mocent dO & 1'aile subit un accroisse-
cent considérable entre Hach 0,60 ct Kech 0,80,

; Les courbes expérizentales ont été lissées par une oéthode de roindres carrds zutour d'une parzbale.

. Dans 1'ensexble, les courbes t}woz-iques et expérirenteles présentent un décaloge qui correspond 2
erreur de ltordre de 10 & sur la pression génératrice.

On constate que la pression d'entrée en flottecent, qui correspond a P = 0, est plus faible ave: le réec~
teur qutavec le corps fuselé sans écoulerent interne, d'environ 15 ,.. Cette influence défavorable est correctezent
prévue par la théorie,

V - CONCIUSIO

La pesure des forces aérodynaniques instatiormaires sur une maguette équipée d'un réacteur en nacelle, en
subsonique, a nontré que la portance et le moment induits sur le rcacteur lui-réze, par ses propres cscillations,
étaient trés juportants,

Ces forces ne doivent pas 8tre négligées dans les calculs de flottement des avions, car elles peuvent

abaisser sensiblenent les limites de flottezment par effet de “rigidité négative" sur les poles de torsion de
voilure et surtout de "tangage de moteur'.

On a pu observer également 3

- que les forces ajrodynaniques sur le réacteur sont peu sensibles au MNach et & la fréquence réduite,

- que l'interaction aérodynanique réacteur-voilure peut 8tre négligée.

En se fondant sur cette derniére remarque on a utilisé une théorie qui vermet de traiter s’parépent le
moteur en nacelle en le schématisant par un tube cylindrique i paroi mince avec écoulement subsonigue de méze
vitesse & 1'intérieur et & 1'extérieur,

La compareison des résultats théoriques et expérimentaux est satisfaisante,

[1] N.C. Lambourne, H.C. Garner and B,L. Welsh - Some measurements of oscillatory leading and related semi-
empirical predictions on a wing in supercriticel flow, T.i. Aero 1541 Oct. 1973.
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CALCULATION OF AERODYNAMIC LOADS ON OSCILLATING WING/STORE COMBINATIONS IN SUBSONIC FLOW %)
2 by

3 B, Bennekers, R, Roos ard R.J. Zwaan

National Aerospace Laboratery HLR

. Anthony Fokkerweg 2

E- Ansterdan-1017
; The Netherlands

SUMMARY

3 A method for the calculation of aerodynamic loads on wing-store configurations oscillating in subscnic
flow is presented., In this method the linearized equation for subsonic compressibl. flow is transformed into
two sets of integral equations for the steady and a superimposed unsteady flow field.

The wing loads are represented by dipole distributions (wing thickness is neglected) and the store
loads by source distributions, Discretizing these distributions into lifting lines and source panels of
constant strength results into a set of algebraic equations, These are solved for the unknown distributions
by forcing the flow to be tangential to the surfaces of the uscillating wings and bodies in -~ set of control

"
L

points,
o The solution enables the calculation of pressure distributions on the wings and stor.s ard of general-
E ized aerodynamic coefficients., Calculated results are presented and compared with experiments.
CONTENTS
: Summary
List of symbols
1 Iatroduction
2 Qutline of the theory
3 Calculation of the influence coefficients
4 MNumerical solution
3 5 Calculated results
- 5a Steady results
3 5b Quasi-steady and unsteady results
b 6 Conclusions
-2 7 References
B - 8 Figures
: 3 Appendices
E LIST OF SYMBOLS
b - AY influence coefficient
& a velocity of sound (L/1)
Cp pressure coefficient
':»- ) k reduced frequency
Y
e kn wave number
{,m,n components of the normal vector n
3 Mo Mach number
N number of panels
n normal vector
: q velocity vector (1/T)
- T position vector (L)
b r, distance between collocation point i and the centroid of panel j (L)
3 'Fe displacement vector (L)
. s surface of wing or body (L2)
t time (T)
1 longest panel diagonal (L)
U, v, W components of the velocity vector (1/7)
X, ¥y 2 right-handed cartesian co-ordinate system (L)
i Xg1 Vo1 2o components of the displacement vector (L)
Acp pressure jump between lower and upper wing surface
6. ACp/A normalized pressure jJump over the wing surface
3 a angle oi‘lﬁtack (degrees)
2
, B (1 - K%
‘ % specific heat ratio
i 5 angular co-ordinate on tip tank (degrees)
: u dipole strength on the wing camber surface (L2/’I‘)

*)This investigation was carried out under contract for the
Scientific Research Branch, Air Materiel Directorate, RNLAF,
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&, n, ¢ right-handed cartesian co-ordinate system (L)
G source strength (/1)
] velocity potential (L?/T)
® disturbance velocity potential (L?/T)
w oscillation frequency /™ 2
Ao dipole strength on the wake surface (LZ/T) i
Subscripts |
B referring to the body
c " " " camber surface ;
D " " " 1lifting surface
n " " steady (n = 0) and unsteady(n = 1) flow field
W " " the wake
o " " the steady reference position
1 " " " unsteady flow field
® " " " free-stream condition

Superscripts

B referring to the body
D " " " 1lifting surface
» " " " tige-independent quantity

1 INTRODUCTION

Many modern military aircraft are equipped with ever larger stores under the wing and at the wing
tips, A problem which arises in the investigation of the aeroelastic characteristics of such aircraft
(flutter, gust response and manoceuvring loads) is how to obtain reliable estimates of the aerodynamic loads
introduced by these stores, Important questions in this context are: What does the presence of a store do
to the unsteady aerodynamic loads on the wing and what are the aerodynamic loads on the store itself in the
presence of the wing?

Until some time ago the aerodynamic loads on these stores and their influence on the wing were neglect-
ed or were approximated for instance by using slend=r body theory only, However, to the knowledge of the
authors the value of this application of slender body theory has not yet been tested conclusively in a com-
parison between theory and experiment.

A more thorough uttempt to determine wing-body interference cffects on harmonically oscillating con-
figurations was recently made by Kalman, Rodden and Giesing (Ref.1). Using the doublet lattice method they
assumed the body to be a cylindrical ring wing and thus were able to apprcximate the interference effects
on the wing due to the proximity of the body. Although such calculations might give a reasonable prediction
of these interference effects, it is clear that the diversion of the flow by the body is not accounted for
and that forces on the body cannot be determined in this way. To alleviate this problem they incorporated
slender body theory (Ref.2), and to overcome the problem of large systems of equations they introduced an
image system in the body representing the interference effects (Ref.3). This way a method was obtained,
capable of handling configurations consisting of lifting surfa.os and bodies, which gives satisfactory re-
sults in the calculation of aerodywmamic coefficients,

A few years ago an extensive research program was started at the NLR to investigate airloads on
oscillating wing-store configurations. Recently detailed pressure measurements were completed on a wing-
tiptank-store configuration, as reported by Renirie (Ref.4). Another part of the research program was the
development of a method for the calculation of aerodynamic loads on oscillating wing-store configurations in
subsonic flow. The purp.se of such a method was twofold:

1 calculation of air forces on wing-store configurations for aeroelastic analysis;
2 support of wind tumnel measurements through the calculation of detailed pressure distributions,

The method presented here was set up in an effort to meet the above requiremenis. It combines the
elements of four existing methods into one general method for the calculation of steady and unsteady press-
ure distributions on wing-body configurations, The steady flow field is described with the vortex lattice
method and the panel method of Hess and Smith (Ref.5). The unsteady field is modelled with the doublet
lattice method and a new panel method, which is partially based on the work of Hess (Ref.6) on the calcu-
lation of acoustic fields about arbitrary bodies. In the following the part of the method describing the
steady flow field will be called the NLRS-method, while the part in which the steady and unsteady fields are
combined will be referred to as the NLRI-method,

This paper gives a description of the method and presents some preliminary calculated results on a wing-

tiptank configuration in comparison with experimental data.

2 OUTLINE OF THE THEORY

The present description of unsteady airloads on wing-store combinations involves airforces on rather
thin lifting surfaces (wing, pylons, tail surfaces) and on Streamlined closed stores, both influencing
each vther through interference effects.

For the calculation of aerodynamic forces on lifting surfaces several effective methods are known. In
the theory presented here the lifting surfaces are treated with the doublet lattice method (DL-method), since
it is very flexible in handling different configurations (Ref.7). Recently the reliability of the DlL-method
vas shown again by Roos and Zwaan (Ref,8) in calculations of the unsteady aerodynamic loads used in the de-
termination of the flutter behaviour of a wing-pylon-nacelle wind tunnel model,

Considering the large experience with the NLR-panel method for steady flow (see for example reference 3,
the unsteady flow field about the stores was chosen to be described with an unsteady source panel method.
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This implies that the surface of the body is discretized into panels each containing a time-varying source
distribution of constant yet unknown strength over the panel. The weke behind the store is assumed to be
represented with an extension of the lifting surface into the store. This is a rather crude simplification,
but appropriate experimental evidence is lacking, However, as in steady calculation methods this sicplifi~
cation leads to good results, it seems to be a reasonable assumption. The boundary conditions are enforced
in the control point of each panel on lifting surfaces and stores.

Let the inviscid flow around an oscillating arbitrary wing-store configuration be described with a
velocity potential

B <xyyizt> = Ux + Ly + Wz + 9 <x,¥,2,t> (1)

in which U,, V,, and W, are the components of the free-stream velocity vector q o and 9 is the disturbance
velocity potential. The use of a small disturbance potential impiies the assumption that the body does not
disturb the free stream significantly. For the region of the stagnation points the validity of this assump-
tion will have to be verified afterwards. Assuming that V, and W, are small as compared to Uy and that ¢ is
small in comparison with l{nx the general equation {-r ¢ reduces to a linearized equation for ¢

%, to to -—2o -2=gq, =0 (2)
pod ¥y 22 a2 tt a, xt
(-]

with M, = U,/a, and 52 =1- ME,. The Mach number is taken to be constant throughout the flow field, which
consequently makes the value of the method doubtful in the near-transonic Mach 1ange.
The surface of an oscillating arbitrary configuration can be described in general with the functional:

S <x,¥42,t> =0 (3)
The boundary condition requiring the flow to be tangential to the moving surface is then given by:

DS _ 35 = = _

T td.V8=0 onsS=0 (4)

In Appendix 1 the general solution of equation (2) is derived for a harmonic motion of small amplitude.

In principle this solution includes the effects due to the thickness and the wake of the wing in about the
same way as does the theory presented recently by Morino and Kuo (Refs,10, 11). However, it is also agued
there that in practice an accurate consideration of the wake effects complicates the calculation substan-
tially. Recalling the purpose of the method and realizing that lifting surface theories, although they ne-
glect thickness effects, are quite accurate already as demonstrated in references 7 and 12, the wing is
assumed to be infimtely thin. Thus, a method is obtained of which the set-up is described earlier in this
section. In Appendix 1 this set-up 1s formulated; the pertinent expressions for the velocity poteniial ¢
are repeated here,

iwt
P <Xy¥y2yt> =9, X2 > +W1< X1¥32 > e'? (5)
with for the body:
. -ik r
kM (x-E.) “*n
B 1 B E13 e
O SXaYr2> == Z'-‘T//G'n <5B'”B’CB> e °° - as (6)
Sg
in which
1/2
2 2 2 2
r={(x-53)2+8(y-n3)+e(z-cB)] ()
and for the lifting surface
2
D q
% < XyYy2> = m; // ACpn 4 ED,T)D,CD> Kn < x,y,z,ED,nD,CD,Moo,w> das (8)
S
D
in which
x-& R 2
-inw(x-&n)/uoo D 2 -ino(T-Mr)/U,8
-e a|e aT 9)
n on r
-
and
1/2
=1 8% - ) %6 - )] (20)

In the above expressions the disturbance potential ¢ _ is written in terms of a source distribution of
strength G_ on the body surface S, and a pressure dipole drstribution of streagth Acpn on the thin lifting
surface S, The subscript n can have the values O and 1, indicating the steady and unsteady potential,

The (?escription of the surface of an oscillating arbitrary body is not as simple as it maght look from
expression (3), because the functional form of S is not known in general. However, often the time-dependent
position of the individual points of the surface can be expressed in terms of a reference position and a
time-dependent amplitude 'fe. Assuming that this amplitude is small such that ¢,<«< 9 << U,x, the boundary con-
dition on the surface, as given by (4), can be divided into a stele and an unSteady part, as shown in Appen-

dix 2, For the steady 9 this results in the classical condition®

0 (11)

(3, +T0,) + F = 0 on S, <xye>

*) the normal vector T is directed outside the body.
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and for the unsteady $2Y

Voy | B - 1eEnd - (3 Te ). (1T XY + n¥y2 + n¥2]) + 7 [(Fgﬁ)%;} i =0
) °

oe

53 on S & Xy¥yzt> =0 (12)
b )
3 { with r: being the amplitude of the displacement vector having components x*, y;' ard z”, The components of 5
E the normal vector N on the tody in its stationary position are given by resp.!”, m and n, For the thin ‘
e, 1lifting surfaces the unsteady condition reduces to a simpler form: i
i = - el vt I ) = _»| _

% Vo, o.n - iurgn - qRVy, + nvoze} =0 (13)

on SD < Xy¥y2yt> =0

From (12) 1t is clear that, while the lincarized equetion (2) allows for a discounection of the steady and
unsteady fields, as implemsnted in (5), the boundary condition restores this connection again through
second order terms involving first and second order derivatives of the steady disturbance potential ¢ . In-
cluding these terms is necessary to obtain a proper representation of the effects due to diversion of°the
flow as a result of the thickness of the body. Morino and Kuo (Refs, 10, 11) do not indicate this connection
in their work on oscillating wings with thickness.,

Substatution of the expressions (6) through (10) for ¢ in these boundary conditions leads to the
following sets of integral equatiors for resp. the steady afld unsteady flow field:

for n = O:
1 . =1 -
-1 Go*EB’"B""B> [V r]( ).n<xB,yB,zB> as
Sg Xp19p12p
q2
+ .8“°°U°°_ /ACP°<ED1UD1CD>[§ KO]( ).3<X.B,yB,zB> as = :&oo:ﬁ<x3’y3’z3> (14)
Sy *g1¥pr2p

.1 <xD,yD, 25> as

1 a1
- /cro< Ega0gilp> [‘7 ;](x )
Sg pYp1%p

2 I

qa, [/
* 5, : 80y < Epenipsly> VK;| <Xy ypr2p> S = .‘am.’ﬁ<xn,yb,zn> (15)

D Xpripr2p
and for n = 1:

. -ik.r
- fle ce nts ﬁ(elklmw(x-ga) -
ik 1~ "B'"3"B

Sg

] < xg, g, 25> S
(xB’yB’zB)

2
2 ol o
+ BTTUN 5 ACF. < EpyﬂD15D>[VK]] n <XB’VB’ZB> ds =
p ¢

(xg1ypa2g)
= iw;:<xB,yB,zB> .-r;<xB,yB,ZB> + (‘_I.mﬁﬂpo \ ).
&B’yB’zB)

H(Lexgaygrmg> Vxl'axpaygizg> + n<xgivgyzg> Ty <agivp zp>

+ D Xg¥pi2p> Vo2 <Xpi¥p 25> )-R<Xpy¥pi2p> - [(i";’<xB,yB,zB> .'V')Vrvo]

(16)

(xgsgs25)

!

/
1 ;
? - ﬁ"j G'1< EB,HB,CB>

. -ik,r

~ 1kle°(x-EB) e -

j <Xy ¥y zD> ds
g

V(e —r}—-)]

e

(xDv.YszD

2
S ool 3
+ m L Acpl<ED,ﬂD,CD> VKl] .n <XD,yD,zD> ds
D (xDvynyzD)

= iw;; . <Xpa¥pr2p>

* G (m<xp Yz VYe<Xppi2p> + 0 <XpyYpizp> V2 <2pp¥pizn>) (17)

& Equations (14) and (15)determine the steady flow field on the body and the lifting surface, while
equations (16) and (17) concern the unsteady flow field superimposed on this sveady field, The interference
effects between the body and the lifting surface are represented in the secord integral of equations (14)
and {16) and in the first integral of equations (15) and (17).

To solve these integral equations for the unknown source and dipole distributions, these distributions
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are discretized, The surface of the body and the lifting surface are respectively divided intc N, and N
panels, On the body each panel 13 assumed to contain a source distribution of constant, yet wrknown strength.
The panels on the lifting surface are taken to contain each a lifting line of constant, also unknown,
strength, along the 1/4 -chord line of the panel. Further, each panel possesses one collocation point in
walch the bourdary condition 3s :mposed, That 1s, in these points the flow 1s forced to be tangential to the
surface, With this discretization the sets of integral equations are iransfcrmed into two sets of (H +N. ) al-
gebraic equations for the steady and unsteady part of the flow:

NB N

1.3 13 J . pl
Z A G + Z A AC Fn (n=0,1) (18)
=1 )=l

1—-1,2,......,(NB+HD)

1n whichG?d and ACY are the unknown source and lifting line strength of each panel of the body and the
lafting sufface. Tﬁe term F! 1s the prescribed normal velocity in the collocation point of the 1B panel of
either the body or the lifting surface. The influence ccefficient AlJ represent. the normal velocity induced
by the 1 th panel with a source distribution or lifting line of umt strength - the collocation pcint of the
3*h panel. Their methods of calculation are indicated in section 3, The numerical solution of the sets of
algebraic equations is gaven in section 4 of this paper.

After the steady source and lifting line strength have been calculated, the steady part of the velucity
1n the collocation points can be determined. The second derivatives of ¢ _ are obtained by differentiation of
the expressions for the velocity, Next, these values are used to determine the right-hand side of the unstea-
dy set of equations, after which the unsteady flow field can be solved as well,

Fer the lifting surface the strength of the lifting l.ne 1s taken to be equal to the pressure jump over
the surface in the mddle of the 1/4 -cherd line of the panvl, The steady and unsteady pressure distributions
on the body follow from the following expressions, derived in Appendix 3:

3 Y/ (y-1)
oy =i g o B (19)
o qco
and
1
/(v-1)
9 .9
Cp. = [1-&!——1142(1- o °)] .
1 2
qa) x
- ™
[qo~vc91 +awp) |+ (Ugtoo, | Mg oo,
o] Q [« (o]
- , g . ,
(U, + ooyl Wrg ooy, | + (W + vozi )(r;-v)'ooz‘ _) (?0)
(o] (] 2 (o]
in which
- P )
a, = (Ugtoo, | ho+ (oo, | (1)
[o]

Figure 1 gives a schematic outline of all necessary calculations,

3 CALCULATION OF THE INFLUENCE COEFFICIENTS

For both the steady and unsteady flow field the i1nfluence coefficients A1Y ca be divided into two
groups: one AlD in which the j** panel lies on a 1lifting surface and & second Alé having the ' panel o=
the body. For™ tge steady flow field the calculation fullows exactly the lines oF twu well-kuown methods, The
coefficients A1 are obtained with the expressions of the panel method of Hess and Smith (Ref.S), after the
compress1b111ty factor p has been removed temporarily from (7) #ith a transformation of the Prandtl-Glauert
type. The coefficrents AD are evaluated according to the formulations for the vortex lattice method given
in reference 13, The caiculation of the unsteady ccefficients A}¥ does nut introduce any new prublems either,
They are simply obtained from the formulations of the doublet latiice method given in reference 2,

For the unsteady coeffi-ients Ai‘ represented by the integral

1k M_(x-E )
1B [ *B
AT <Xyyye> = o- ” }/[

a new calculation method 1s developed which in part 1s based on the panel method of Hes:c (Ref.6) for the
determination of acoustic fields around arbitrarily shaped bodies. R

To evaluate the above integral five different regions are disting. 11shed based on the ratio = being the
distance between coilocation point 1 and the centroid of the panel j ovex the longest diagonal of the
panel, In these regions the integral 1s calculated as follows:

1k1r

)].Tx<x,y,z,>ds (22)

]

1. ?2 2 4, the point 1 lays far away from panel j; the source distribution on the panel 1s approximated with
a point-source at the centroid of the panel,

T
2. 4 > ;E 21.9, the point 1 lays at fairly large distance from ganel Ji4the source distribution 1s approx-
1mated w1th a two term multi-jole expansion in powers of (k t) and (-' around the centroid,

3. 1.9 > 21, the point 1 lays at fairly small distance from panel j; tho same approximation as :n 2,,
with three terms taken into account instead of two,
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3 »

24 4.1>=> 0, the point i lays close to the centroid of panel ); the integrard is approximated with a

3 one-dimensional Taylor series expansion in powers of (iklr).

; r

T 5. ;2 = 0, the point i lays at tne centroid of panel j; the integrand is expanded similarly as in 4., but

o now the expressions are siopler,

) A detailed description of the above approximations and the resulting expressions is given in
. reference 14.

: In their work Morino amd Kuo (Refs, 10, 11) have not introduced such a compiicated scheme to calculate ,

. the unateady influence coefficients. For all values of re they take the exponent as a constant in front of N

4 the integral and then are left with an integration which is identical to the ore belonging to a steady '
source and doublet distribution, Although this gives a good approximation for larger distances, it can be

T p
expectéd that for emall ~£ the result will not be very accurate, On the other hand the poesibility exists
that this iraccuracy might be compensated by the use of curved panels as recently propcsed by Chen, Suciu
: and Morino (Ref.15), ;

4 NUMERICAL SOLUTION

After the influence coefficients A;J have been calculated, the twoc sets of equations given by (18) will
have to be solved. Making a distinction in these equations between the body and the lifting surface, (18)
2 can be rewritten in matrix form:

5o

BB E BD
A 4emm- = (n = 0.1) (23)
b }

A A ; A LAan Fz

1n which the matrix 1s partioned into four submatrices, each containing the influence coefficients of a par-

?é ticular type of influence between ggnels on the body and/or the lifting surfac.., The advantage cf this par-
A titiomng is that the submatrixl:A deacribing the influence between the panels on the body, is strongly
p: diagonal—dominaﬂ . The sphmatrix An }possesses a similar structure, although less pronounced. The two
i submatrices [A‘ ]a.nd[A ]will not have a specific structure, but in general their elements will be small
b n n . X

s, compared to the diagonal terms in the other two submatrices.

7] Based on these expected properties with regard to the general structure of the matrix equations the follow-
3 ing iterative procedure is used to solve ‘nem.

First the set containing AnB 158 solved with an iterative Gauss-Seidel process. Then the residue is

7 18 determined, which is used to solve the set contaxnlng[:AD ]through a direct Crout-process, “he residue

18 determined again and the process 1s started from the beg?nning. This iteration process is repeated several
times until the increment, which during each run is added to the solution of(?n and AC, has become smaller
than a certain value. To overcome the problem of numerical under- or overshoots in the Rirst few iteration

steps, the calculation of the residues 1s performed with a relaxation factor on the correction term.

S CALCULATED RESULTS

To test the method a configuration is chosen on which extensive steady and unstead, pressure measure-
ments have been performed at NLR (see reference 4). The configuration which is shown in figure 2, consists
¢ of a tapered wing with a tip tank and a removable pylon-store attachment.

The panel distribution used for the calculations on the wing-tip tank configuration is designed as
follows, The wing is divided into 10 chordwise strips of 10 panels each. The last strip is assumed to con-

Ao omcs

Sain

3J tinue up to the tip tank axis, such that part of these panels fall within the tip tank. This strip does not
f contain collocation points and the strengia of the singularities is taken to be equal to the ones of the
A strip next to 1t, The tip tank 1is panelled into 27 octagonal sections perpendicular to the axis, totallirg
T a number of 216 panels, +
% S5a Steady results

Figures 3 and 4 shcw some chorswise dxstrlbutxon;og the steady pressure jump ACpo across the wing of
the wing-tip tank configuration for My, = 0.45 and a = 0, For both sections the agreement between the results
of the NLRS-method and the measurements 1s satisfactory. The leading edge peak visible in both figures is
caused by the fact that the wing profile has a drooped nose which extende over the first 40 % of the chord.
Corresponding pressure distrabutions on the tip tank are given in figures 5 and 6. Figure 5 shows a compa-

5 rison between calculated and measured pressure d1str1bgticns 1in the Jirection along the tip tank axis at a
- station just above the wing reference plane (6 = 202.5 ). *
b The leading edge peak induced by the wing 1s clearly visible in the theoretical results but is toc local g

to be discernable i1n the measurements. Further away from the wing this peak has disappeared also in the cal-
culated results as can be seen in figure 6, which gives the pressure on the outside of the tip tank,

5b Quasi-steady and unsteady results

Unsteady resul%s have been calcuiated for a pitching oscillation around an axis at 15 7 of the root-
chord, with a reduced frequency k = 0,305 based on the wing semi-span. In figures 7 and § a comparison is
given for the same wing sections as used in tar steady case, The chordwise distributions of the unsteady
pressure jump AC. 1/A calculated with the NLRI-method are in good agreement with the experimental dala for
both the real and imaginary part. In this comparison all disiributions are normalized with the same amplitude
A, Also shown in these figures is the quasi-steady distribution based on the difference of the results of the
NLRS-method for a = 2~ and O, Apparently the reduced frequency of k = 0,305 is still too small to give a
sigmficant difference between the quasi-steady results and the real part of the unsteady distribution,

A sigmficant difference 1s found indeed in these figures 1f the theoretical results of the wing with and
without tip tank are compared. Clearly, the presence of the tip tank causes the pressure level on the wing
to rise., This interference effect 15 most prominent in the vicinity of the tip tank, but is still noticable

in section 3.
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on the wing where they enter tke calculation through interference with the tip tank, Preliminary calculations
of the unstveady pressure on the tip tank indicate that the second derivatives can not be reglected completely.

41

Contrary to the theory these unsteady calculaticns with the NIRI-method are performed under coission
of the secord derivatives of @, in the boundary cordition (12) and the formula (20) for the pressure dis-
tribtution on the body (tip tank). During the calculations it was found that, as is assuzed in the theory,
the cooputer progranm of the NLPS-method irdeed generates small perturbation velocities on the body. However,
the second derivatives of ¢, do not come out snall, but instead are so large that they dominate the solution
of the flow field completely. The reason for this is not yet completely understood, but it is believed to be
inherent to the coarseness of the panelling. That these second derivatives of g, should be small indeed is
partially confirmed by the fact that omitting them leads to the excellent comparison with the measurenments

6 CONCLUSIONS

A method 1s presented which enables the calculation of unsteady pressure distributions on wing-bady
configurations. Since the unsteady flow field depends on the steady flow field on which it is superinmposed,
this steady flow field is calculated as a part of the method. The results of the steady method seem to be
in agreexent with the measurements except for the calculation of the second derivatives of the disturbance
potential. This problem, which is probably caused by a too coarse discretization of the body, is being in-
vestigated at the nmoment,

Theoretical unsteady pressure distributions on the wing show a very good agreement with the experimental

ones, while from calculations for the wing only it is found that the interference effects of the tip tank on
the wing are not of a negligabl: magnitude, Preliminary results on the bedy seem to imdicatc the importance
of an accurate calculation of the second derivatives of the disturbance potential.

7 REFERENCES

1.

2.

3.

10

Ry

11,

12,

13.

14,

15

16

Kalman, T.P.,
Rodden, W.P. and
Giesing, J.P,
Rodden, W.P.,
Giesing, J.P, and
Kalman, T.P,
Giesing, J.P,,
Kalman, T.P. and
Rodden, W.P.

Renirie, L.T.

Hess, J.L., and
Smith, AM.O,

Hess, J.L.

Roos, R, and
Zwaan, R.J.

Roos, R,, and
Zwaan, R.J,

Labrujere, Th.E,, and
Sytswa, H.A.

Morino, L,

Morino, L., and
Kuo, C.C,

Destuynder, R. and
T1deman, H.

Kalman, T.P.,
Rodden; W,P, and
Giesing, J.P,

Roos, R., and
Bennekers, B,

Chen, L,T.,
Suciu, E.O., and
Morino, L.

Rubbert, P.E,, et al,

Application of the doublet-lattice method to nonplanar configurations in
subsonic flow,
J. Aircraft, Vol.8, No.6, 1971, pp. 406-413,

New developments and applications of the subsonic doublet-lattice method for
nonplanar configurations.
AGARD Conf. Proc. No, 80-71, Part II, No.4, 1971.

Subsonic steady and oscillatory aerodynamics for multiple interfering wings
and oodies.
J. Aircraft, Vol.9, No.10, 1972, pp. 693-702.

Analysis of measured aerodynamic lowds on an oscillating wing/store combination
in subsonic flow.
Paper in AGARD Specialists Meeting on Wing-with-Stores Flutter, Munich, 1974.

Calculation of potential flow about arbitrary bedies,
Progress in Aeron. Sciences, Vol.8, Kiichemann, 1967, pp. 1-138.

Calculation of acoustic fields about arbitrary three-dimensional bodies by a
method of surface source distributions based on certain wave number expansions,
Drglas Aircr. Comp., Rep. No. DAC 66901, 1968.

Calculation of instationary pressure distributions and generalized aerodynamic
forces with the doublet-lattice method,
NLR TR 72037 U, Amsterdam, National Aerospace Laboratory NLR, 1972,

The effect of a pylon-mounted nacelle on the flutter behaviour of a wing-pylon-
nacelle configuration.
NLR TR 74125 U, Amsterdam, Naticnal Aerospace Laboratory NLR, 1974.

Aerodynamic interference between aircraft components: the possibility of
prediction, th

ICAS Paper No, 72-49, 8™ Congress of the International Council of Aeronautical
Sciences, Amsterdam, August 1972,

Unsteady compressible potential flow around iifting bodies: General theory.
AIAA Paper No, 73-196, 11D Aerospace Sciences Meeting, Washington, IC,
January 1973.

Unsteady subsonic compressible flow around finite thickness wings.
AIAA Paper No., 73-313, Dynamics Specialists Conference, Williamsburg, Virginia,
March 1973.

An 1nvestigation of different techniques for unsteady pressure measurements in
compressible flow and comparison with results of lifting surface theory.
AGARD R-617, 1973.

Aerodynamic influence coefficients by the doublei lattice method for interfering
non-planar lifting surfaces oscillating in a subsonic flow, Part I,
Douglas Aircr. Comp., Rep. Mo. DAC 67977, 1969.

Description of a method for the calculation of aerodynamic loads on oscillating
wing-body configurations in subsonic flow (NLRI-method)., Part I: The theory.
To be published,

A finite element method for potential aerodynamics around complex configurations,
AIAA Paper lo. 74-107, 12" Aerospace Sciences Meceting, Washington, IC,

January 1974,

A general method for determining the aercdyramic characteristics of fan-in-wing

configurations. Vol,I: Theory and application.
US Army Aviation Mat. Lab,, Tech.Rep, No. 67-614, 1967,

Lt S TS Y R B st e e

R

%

ke, S

el

ps
,.
3

<

¥
ke
N,



VELOCITY POTENTIAL
FoUx o @

hd
UNEANZED EOUATION TOR ¥
9 o9 =lg._
e, R S

INTEGRAL ECUATIONS] INTEGRAL EQUATIONS
STEALY UNSTEADY

IDlSCRE DZATION OF DISTRIBUNIONS.
-
TEADY

ls MATRIX UNSTEADY l

SOWTION
STEADY  (GAUSS-SEWEL)  UNSTEADY
CROUT

LOoCIlY
STEADY e emaumons  UNSTEADY
+ — ;srsaoucc. 1

PRESSURE
STEAOY  mustripumons  UNSTEADY

-
AERODYNAMIC
rsrtmv LOADS unsrervl

Fig.l Schematic outline of the calculations

SECTION 3

M. =0.45

o .0°
+0.1

0 1 [ v 0 = (0]
0.2 0.4 0.6 0.8 Xx/C

-0.2 © = EXPERIMENT
——— = NLRS

Fig,3 Chordwise distribution of the steady pressure
Jump across the wing of the wing-tip tank
configuration

PITCH AXIS

Lo L ’!/ VIR IIINIIIIGIINII VI
i

YING REFERENCE PLANE
MO AA — . 1
t
CONTAINER
¥ING REFERENCE PLANE ~4

SECTION 8-8

TIPTANK
Fig,2 Schematic view of the wing-tip tank store
configuration
SECTION 8
M, =0.45
o a0°
+0.1
AG
[-] m o O
0 | I
0.2 0.4 0.6 0.8 X/C

-0.1

© = EXPERIMENT
—— =NLRS

-0.3

_0.5 H?

-0.6

Fig.4 Chordwise distribution of the steady pressure

Jump across ‘he wing of the wing-tip tank
configuration

LT3

ST 2y

-

BRSBTS G A orar e




49
o4
N o
3 Mo =045 S-S %, =0.4 ~6e328°
. - o= 0‘ o -0°
E;
-
3 G
b3 °
y Y
1
! 02 I 0.2}~
. A
3 s 0.1 |- +0.1 |
b FRONT Le 3 FRONT Le 1€ REAR
3 | } } 2
g 0 1 ! 1 L 0 ll (N Ll L | - L.
o 0.2 04 0é 08 0.2 0.4 0.6 08 10 X
e 4
g -0 | -0t}
] ° o
3 (o]
: -0.2 ~02
A @ = EXPERIMENT O u EXPERIMENT
‘ —— « HLRS —— « HLRS
g Fig.5 Steady pressure distribution along the tip Fig.6 Steady pressure distribution along the tip
. tank of the wing-tip tank configuration tank of the wing-tip tank configuration
F
ko,
4
-
e
R
- - 0.4
73 a Mg, =0.48 Mes
E - e Tcp' « 0° re 4% o = 0°
3 w b -0.308 0 k- L= .38
2 o) SECTION 3
A o SECTION §
3 s O « EXPERIMENT 8
b \ —— o UNSTEADY (NLRI} B O = EXPERIMENT
5 \ % = QUASI-STEADY (NLRS) —— = UNSTEADY (NLRIY
% s L \ o — — « UNSTEADY { WING ONLY,DL) X o QUASI - STEADY (NLRS)
" & r ~ = UNSTEADY (iING ONLY,DL)
3
N . 4 P
: F %
. &
'Y 2
2 2| AEN o
~ ~
(o] S
9 1 ! ) 1 \~Sl
0 0.2 04 06 08 WX/ 0 1 ' N ¢ ~
0 0.2 0.4 0.6 08 1.0 X/C
P
g 8¢, Il
i 2 F I ~—
B: 0 o © O O \
o
3 +2 R (o}
i \\ o [0} .
L 0 1 1 ) L O~ — S
0 lo Wow
2 L8 3
_2 1 ] L
Fig.] Chordwise distribution of the unsteady and Fi£.8 Chordwise distribution of the unsteady and
quasi1-steady pressure jump across the wing of quasi-steady pressure jump across the wing of

the wing-t1p tank configuration oscillating

the wing-tip tank configuration oscillating
in a pitch mode

in a pitch mode

R e v e Tz

e i AR S B s




ol
il
i ago ke

i85 Lo

i
7

N N E

0

APPENDIX 1
THE GENERAL SOLUTION

The disturbance velocity potential 9 <x,y,z,t > satisfies the equation
i ). |

B, +o _+o _-—q,-2=—0 =0 (a1.1)
xx yY 2z aa tt ay, 'xt ¢
(-]

in which ¥ = UQ/am and 32 =1 - Hi. Assuning harmonic variations jn tine ¢ can be written as:
wt

P CINEED> =9 < XYy2 >+ 9 < Xy¥yz > € (a2.2)
with ¢ being the steady part and olelm the unsteady part.
sing also the substitutions:
ik Mx
9, < Xi¥yz > = 0; Cxy,z>e O (n = 0,1) (a1.3)
with k = %5 and
8,8
x*=x , y' =8 , 2'=8z (A1.4)
equation (A1,1) can be transformed into
” ”* * 2
Q +9 + + k =0 n=0,1 Al.
e s T Oyt S ( ) (a1.5)

A general solution 9” of this equation can be written in terms of a source distribution over the body
and a dipole distribution over the wake, To avoid mumerical instabilities near the trajling edge, as indic-
ated by Rubbert et al (Ref,16), the dipole distribution over the wake should be extended to the camber sur-
face inside the body. Transforming the result back to an expression for o, One obtains:

. . -ik r
e oL I M Y
n 1Y T aT Gn<EB’nB' B> e T
Sp

. -ik r
1 1knMc»(x"EC) 3 |e
+ 31_1.- '//pn <Ec1nc'Cc > e ‘a_n- —r_-. ds
S
C
S/ 1k My (x-8y) 4 e;ik”r
taw 8o, <Gyl > e wm| T |98 (a1.6)
S,
W
for n = 0.1 and 1/2
wth e = [0+ $25n)? + 62007 (a1.7)

In (A1.6)G_ represents the strenrgth of the source distribution on the body surface, p_ and 8p_ the
dipole distribution on the camber surface and the surface of the wake, " n

The calculation of the integral over the wake surface, is rather difficult in practice, Obtaining ana-
iytical expressions is hampered by the fact that the stationary position of the wake is not known a priori
and thus w11l have to be determined first with some kind of iteration procedure, Assuming that the unsteady
wake coincides with the steady one, which i1n general 18 not a plane surface behind the wing, introduces the
problem of calculating integrals with oscillating integrands over curved surfaces, practically excluding
analytical formulations. The alternative ~£ discretizing the wake sheet and calculating the contribution of
the irdividual elements as propssea by Morino and Kuo (Refs. 10, 11) leads to the question of truncation.

Besides the effects of the wake, the general expression (A1.6) for ¢ does alsc include the effects due
to wang thickness. However, in this context it is important to realize that lifting surface theory gives al-
ready a sufficiently accurate prediction of the aerodynamic forces on the wing, while at the same time the
wake effects are incorporated.

Taking into account the above arguments and considering the goal of the method, being the calculation
of pressure distraibutions on stores, of which the wake is not as well defined as that of the wing, the method
is simplified. The body is assumed to produce no wake, while the lifting surfaces are taken to be infinitely
thin, With these assumptions the expression for the velocity potential due to tne body reduces to:

) -iknr

ik M (x-E
" Bl e g5 (A1.8)

n

1

P, <Xo¥p2> = - T /(Tn <&gigilg> e
S
B

The velocity potential due to the lafting surfaces can now be given in terms of a pressure dipole as is
common in existing lifting surface theories,
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APPENDIX 2
THE BOUNDARY COMDITIONS ON AN OSCILLATING SURFACE

The sarface of an oscillating body is described by the functional
S<T> =0 (a2.1)
The vector '17, which determines the position of points on this surface, can be written in the form:
T=T <‘£o,t> = I»'o +T, <'£°t > (a2.2)

where T_ represents the stationary reference positicn and T_ the time dependent amplitude of the motion,
which also depends on Toe The vector ?o satisfies the functional

£, CT,>=0 (a2.3)

describing the surface of the body in the reference position,
The bourdary cordition requiring the flow to be tangential to the moving surface is given by:

5 _ 35, =5 =
-D—t--—a—t+q.VS-0 onS<LT>=0 (A2.4)

Except perhaps for some very simple bodies the functionals S ¢T > amd 50< '170 > are very difficult to
determire, On the other hand the individual point on the oscillating surface can be given in terms of their
reference position and the time dependent amplitude T, as is done in (A2.2). Also the normal in these points
on their reference position, can be calculated m‘.thou% any problem., Therefore, in the formulation of the
bourdary condition on the oscillating body the derivatives of S will have to be expressed in terms of the
amplitude "r'e and the normal T. 'I’hi_s: can be done as follows.

The components of the vector r are

X =x <x°,y°,zo,t >

y=vy <x°1y°1201t>

z2=2z2< xo,yo,zo,t> (42.5)
Interchanging dependent and independent variables results in:
x, = x, < Xy¥12,8 >
Yo 5 ¥ < X3¥y2yt >
2y T 20 < X4¥y2yt> (a2.6)

With (A2.6) a point <x,y,z> can be related at any time to its rererence position < x ,y ,2 > . The func-

tional for the moving surface becomes: ore o
B, <T,> =8, <X <32t >3¥ < Xa¥aZit > 42 < X3¥,2,8 5>
£S5 <xX,y,2,t>=0 (a2.7)

( l;ssuming that |re |<<|r°| the following expressions for the derivativzs of S can be obtained from
A2.7

By §g | oe (42.8)
ot oo " ot °
and
= 95 R s
Us "-'-VOSO - [# voxe * 3_yg-voye * #voze] (82.9)
o o ©
with X1 Yo and Z, being the components of the displacement vector
= 3 3 9

T oad Vo= (= = =
e o™ ' ¥ B2,

The disturbance potential in a point on the moving body can be ixpressed in the value of the potential
in the correspondirg point of the surface in the reference position*

O <X ¥y2> = <xgyyz > + (T, 23 ) (A2.10)
o
Simjlarly one can write for the disturbance velocities:
Vo=%o | + &, .T)Vo| +..... (A2.11)

o [}

Substitution of (A2.8), (A2.9) and (47.11) 1n (A2.4) and retaimng only terms of first and second order
in the amplitude and its derivatives gives

- or, - o, o, oS, _ o
USo - 5 @) ) - (V30 - 5 oke < gy Uo¥e < B VoZe) *Vo% -[(re-v)wn =0 (r212)
o] L]

x} The symbol i1ndicates that the term preceding 1t will have to be evaluated on the body in the reference
position, ©
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Using the harmonic expansion (Al.2) for 9, a time harmonic amplitude of the form
- - jut
Ty <Xa¥ a2t > =T <X 0¥ 12> @ (a2.13)
and neglecting prodacts of 'ie“a.nd 9, leads to the following two conditions

n=0:

(3, +Ve, ‘ ).m=0 (a2.14)
o
and
n=1:
Voo | - B -6l 0 -@ | ) o (T + nly ]+ nVz]) + Vs, - [(F:.V)Voo ] -0 (a2.15)
(] o o
where ‘t, m and n are the components of the normal vector on the body in the reference position
Voso

defined by n =

2

BRI
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APPENDIX 3
IERIVATION OF THE FORMULAS FOR THE PRESSURE ON THE BODY

The pressure in a point on the surface of the body is given by the general formula:

33 Y/(x-1)
- Y
. qq+28
c =2l L2 Y -1 (83.1)
P2 2 w 2
No qco
Introduction of the disturbance potential ¢ modifies this into:
2 Y/(
_1)
2 e 2 2y /¥
¢, == [1- 5 2(?erox+2‘(,:0°y+awcovz+2¢t+°x+°y+°z) -1 (a3.2)
Wy
Substitution of (A2,11) for the spatial derivatives and
o, =0, | + (& Vol +..... (43.3)
t t e t
[¢]

for the time derivative of ¢, together with the use of (5) ard (A2,13) results in the following expression
for the pressure:

2 Y/(y-1)
H .
c, = —25 [1 - -(1;—11 = (& + Be“""):\ -1 (83.4)
e, 9
in which:
2 2 2
A=2(Ugo | *Vooy| + oo, 1)+ (oo |) + (oo, |) + (oo, |) (83.5)
[+ (] [+ [} [o] [+
and
B=2 I:Go -'\701 + g |+ (U, + 90, )(;e". V@ox)
(o o] 0o o]
— = - =
+ (Vg + %oy )=, . Vooy) + (W + 90, | J(F)" . Voo,) (a3.6)
o o] [} o

Since 0%<<® and T* is of the same order as ¢ y only terms linear ing¢ and T are retained in B, while

at the same time it follSws that B<<A. This makes it possible to introduce a two-ferm binomial expansion in

(A3.4):
2 2 Y
(1 _ -1 li&’A) _ -l IEB /(Y"l) _
2 2 2 2 -
© 9o o
Y/(. e,
A /1)y e /(y-1)
1 - Sl 2y _-—--221“(-1'-—12 — A Fu e (43.7)
o Yo 9
Subctitution of (A3.7) in (A3.4) and decomposing Cp as:
iwt
C =C, +¢C A3,
p = %, * Opy (43.8)
leads to the following two expressions for the steady and the unsteady pressure distributions on the body:
/(
_ - ¥-1)
_ q_.q
op = 2 {f1+ Lztd g2 (o L o0y -1 (43.9)
© YMZ 2 0 2
[ 3N Bl qw
Y
~ - . Y—l
__B_ (y-1) .2 9590
cpl_ -5 Hm(l -~ ) . (A3.10)
qm L qw
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ANALYSIS OF MEASURED AERODYNAMIC LOADS OK AN OSCILLATING WING-STCHRE
COMBINATION IN SUBSONIC FLOW

by

L. Renirie
NATIONAL AEROSPACE LABORATORY, NLR, Amsterdam, The Netherlands
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SUNMARY

An analysis is given of aerodynamic loads measured with an oscillating wind tunnel model represent-
ing & wing with a tip tank and a removable pylon with store, Attention is paid to the interference
effects om the wing load and to the pylon store load in low and high subsonic flow, .
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LIST OFP SYMBOLS

c local chord ém;
c mean chord ; © = 0,4034 nm
C, steady preaaure coefficient § C, = (pn,) /e,
cpb unsteady preasure coefficient § C Py - Pi/(qoo 8)
cy local side forcs coefficient ; cy = gide force/q 4 3 positive outwards
c . local normal force coefficient § C; = normal force/q{ s positive upwards
Te
a displacement of reference point  (x/c = 0.871, y/s = 0.143) (m)
b 4 frequency (Hz)
k reduced frequency based on s
k, unsteady 1lift coefficisnt in a wing section ( c zb)
ls length of the pylon store j { = 0.734 (m)
{rep  Toference dimension : wing :{ . =c (m)
atore ¢ | ref = DA diameter = 0.1043
X frze strean Mach number
P stoady pressure skg/m Z
Py unsteady pressure kg/m
9 dynamic pressure (ke/n
s model semi-span } 8 = 0.6646 im;
x co-ordinate along local chord or along store m
Yy spanwise co-ordinate normal on chord
¢ angle of attack § positive nose up (degree)
[} angular co~ordinate in store cross-section (degree)
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1 INTRODUCTION

Today military aircraft configurations involve frequently wing-attachsd stores of considersble size.
When dealing with aeroelastic problems for such configurations two questions arise, namely:

= what are the unsteady aerodynamic lcads on the stores
-~ what are the interference loads incuced by the stores on the wirg,

Also the NIR was faced with this question when it got involved in the flutter investigation for a
fighter-type aircra”t with a number of wing storees, differing in size and position. Appropriate general
data concerming aerodynamic loads on oscillating wing-store combinations was not awailable, so that a
research progranme was started at the NLR involving wind tumel measurements on a model of a represent-
ative wing-store combination and the development of a method to calculate aerodynamic loads on omcilla-
ting wing-store combinations in subsonic flow. The latisr subject is reported on in ref.l, In this way
a comparison of measured and calculated results is possible and, because of the fact that the wind tun-
nel model has besn scaled to the wing of the aircraft in question, the results can be umed as imput to
practical aeroelastic calculations.

In this paper a brief description is given of the wind tunmel measurements ard the snalysed results
now available are discussel,

2 NODEL DESCRIPTION AND TEST CONDITIONS

A picture of the model installed in the wind tumnel is presented in fig.l. It is & semi-span model
equipped with a tip tank anda pylonmounted store. (The full-scale wing can also carry an inboard pylom,
but in the wind tunnel model this pylon has been left out because of the expected twnmel wall inter-
ference), Sone geometrical data concarning the wirng and the stores are given in fig.2, The wing has a
zoderste sweep angle and is strongly tapered, Wing thickness is 4,8 % and the profile, being constant
along the span, shows a droop nose.

During the measurements the model was able to perform a pitching oscillation about an axis perpen-
dicular to the wall, The pitching axis could be shifted to locations at 15 % and 50 4 of the root chord,
The model was driven at a resonance frequency, which could be varied by changing springs in the support-
ing structure of the pitching axis, However, the pitching frequency was always well below the frequen-
cies at which elastic deformatione of the model could be observed. The vibration mode was measured by
12 acceleration pick-ups, of which 6 were installed in the wing, 4 in the pylon store (2 vertical and
2 latersl) and 2 in the tip tank, The vibration mode for which results are presented in this paper,
was a nearly pure pitching oscillation j lateral motion of the pylon store could be neglected.

‘To gain a detailed pressure distribution over the model surface, the model was provided with 340
pressure taps of which 88 were distributed over both upper and lower wing surface, 86 over the pylon
store and 78 over the tip tank. The tap locations on the wing and the pylon store are indicated in
fig.3.

The pressure measuring technique was described very recently in ref.2 in an application at high
subsonic speeds, In this reference it was demonstrated that the accurascy of the measuring technique is
satisfactory. The essence of this method is that through vinyl tubes .11 pressure taps are connected
with a small number of scanning valves outside the test seciion of the wind tunnel. The measured
pressures are corrected using the calibrated transfer functions of the tubes. In the present wind
tunnel model the calibretion was performed by means of a number of in situ micro ministure pressure
transducers, installed in one of the measuring sections, To obtain unsteady pressure coefficients the
pressures have been related to a displacement s in a reference point (x/c = 0.871 ; y/s = 0.143),

Transition of the boundary layer was assured by carborundum strips on the wing and the stores,

On the wing the sirips were located at 20 % of the chord on the upper surface and at 40 % on the
lower surface. The sirips on the tip tank and pylon-store were located at 8.5 % and 11 4 of their
length, respectively,

The model tests were performed in the large treansonic wind tunnel HST, Parameters in the test
conditions were: configuration (pylon store and pylon were removable), pitching axis location, fre-
quency, ¥ach number, stagnation pressure and angle of attack (only in the steady measurements; in the
unsteady measurements wing angle of attack was sero).

An analysis of the influence of all these parameters is in proceas, A part of the results now
available is discussed in this paper, They involve pressure distributions on the wing and the pylon
store for the configuration shown in fig.1l, a pitching axis at 15 %, frequencies of 0,11 and 19 He,
Mach nuzbers of 0.45 and 0.8 and a stagnation pressure of 1 atm, In the steady measurements the wing
angle of attack is 0° and 3° with respect to the wing reference plane,

3 DISCUSSION OF RESULTS

In the diccussions in this section the following line will be pursued, First steady results are
pseaented, next quasi-steady rerults which have been derived from the steady results for a = O and
3" end finally the unsteady results, In doing so attention caa be paid separately to the interference
effects between wing and pylon store which are essentially of the same kind for the quasi-steady and
the unsteady results and to the influence of frequency.

3.1 Results for the wing
3.1,1 Steady and quasi-steady pressure diatributions

In figure 4 some steady chordwise pressure distributions are presented, which are typical for
this wing model in low subsonic flow (M = 0.45) at zero angle of attack, The distributions on both the
upper and lower surface of the wing are given for the configurations with and without the pylon-store.
On the lower surface near the leading edge they show a large suction peak, which is caused by the
droop nose of the wing profile and therefore is characteristics for all steady pressure distributions
shown.

The addition of the pylon and store under thu wing has a large effect on the flow charecteristics
around the wing in the neighbourhood of the pylon. The diversion of the flow due to the store causes
the local velocity under the wing to speed up, resulting in a censiderable change in the pressure
distribution on the lower surface. On the upper surface this interference effect is an order of
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magnitude smmller, while it is restricted mainly to the vicinity of the pylon-store attachment.

Increasing the freestream Machnumber only pronownces the picture described above, While the wing
with tip tank only becomes supsrcritical between ¥ = 0.85 and X = 0.9 on the lower surface near the
leading edge, the presence of the store lowers it down to just below M = 0.8, Pigure 5 shows & few
chordwise distributions for this Machnumber at serc angle of attack. Clearly the flow over tha lower
surface of iha wing has already become supercritical just in“oard of the pylon and a weak shock might
have been formed already in that region, Figure 6 presents soae quasi-steady chordwise pressure distri-
butions for low subsonic flow (M = 0.45). Thess quasi-steady distributions can be interpreted as the
"unsteady"” airloads for infinitely slow pitching oscillations. s

As in the steady distributicns the influence of the store is found to be largest in the vicinity
of the pylon, The quasi-steady distributions show interforence effects on both the upper and the lower
3 surfaces, On the upper surface a decrease of the quasi-steady pressure is found and on the lower sur-
§ face an increase with the largest interference om the lower wing surface inboard of the pylon. Outboard
of the pylon the pressurs change due to the store addition is laygest on the upper wing aurface.

For high subsonic flow (M = 0.8) the quasmi-steady distributions are the same qualitatively. The
t only difference is the appearance of some wiggles caused by the apparent existence of a weak shock on
the lower surface near the pylon, which wae already noticed in the sieady disiribution (see fig.7).
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3 3.1,2 Steady and quasi-steady spanwise load distributions

The steady and quasi-steady spam.gse loag distribution, the latter being derived from the measured
steady pressure distributions at a = 0" and 3, are given in figure 8a for N « 0.45 and 0.8, For X = 0,8
these experimental results are also compared with theoretical calculations performed with the NLR panel
method (see reference 3).
Prom the figure it 7ollows that for all flow conditions the interference between wing, pylon and :
storo results in a considerable decrease in the steady lift along the span of the wing, which is maximal
E: rear the position of the pylon., Clearly this effect corresponds with the large change in pressure over .
the lower wing surfaoe observed in the steady chordwise pressure distributions. The pylon also takes
away part of the circulation from the wing, causing at that locatisn & jymp in the 1lift distribution.
This jump changes iis sign if the angle of attack increases from 0 to 3, indicating u change in the
direction of the side force on the pylm and store, aAc,
e The influence of the pylon and atoig on tie quasi-steady wing load T is shown in figure 8b,
; It is characterized by an increase of ZF" inboard of the pylon and a decrease on the cutboard side.
- This can be traced back to the quasi-steady pressure distributions of figure 6, which show a inter-
4 ference effect being different on both sides of the pylom,
Both figures 8a and 8b show that the theory overestimates the 1lift which probably is caused by the
neglect of the viscous effects, However, the trend is predicted rather well,

3.1,3 Unsteady pressure distributions

Figures 9 through 11 show a set of unsteady chordwise pressure distributions which are representative
for the model oscillating in subsonic flow., In figures 9 and 10 the pressure distribution in low sub- :
sonic tlow (M = 0.45) on the upper and lower wing surface are given for frequencies of 11 and 19 Hs. .

As far as the real part of the unsteady pressures is concerned, the influence of the store is very N

; similer to what is found for the quasi-steady distributions: the pressure on the upper surface shows a
E decrease, while on the lowsr surface an increase is found, The effect of frequency appears to be very
Fe.. limited, The imaginary part of the pressure distributions remains more or less uneffected for both fre- ,

quencies, For high subsonic flow (K = 0,8) as shown in figure 1) the picture remaine the same quali- ;
tatively, except that the distributions in section 5 and 6 at the lower surface show wiggles which are
related to the presence of a local supercritical flow,

9 3.1,4 Unateady spanwise load distributions

The spanwise unsteady load distribution obtained from the measured pressure distributions are pre-
sented in figure 12 for both low and high subsonic fiow., For comparison also the quasi-steady distribu-
tions have teen included,

The influence of the pylon and store is clearly very similsr for O, 1l and 19 He. For the frequency
range considered the jump in the circulation across the pylon tends to decrease a little with increasing
frequency. The magnitude of the interference doss not exceed the 15 % of the local 1lift values for the
wing without pylon and svore. The total lift coefficient which is obtained through spanwise integration
shows an interference effect of less than 5 %. The imaginary part of the unstoady ving load is hardly
effected by the pylon-store addition.

3,2 Results for the store
3,2,1 Pressure distributions

Fig.13 shows pressure distributions along the store in 4 sections, These sections are defined by the
angle g. Wing angle of attack is zero., On the left side the results are given for ¥ = 0,45, on the right
side for N « 0.8,

. Starting the discussion with M = 0.45 the first observation is that the pressure distrihutions for
different ¢-angles are very similar. This is aue to the fact that the wing angle of attack is sero, so
that the preseince of the wing is hardly felt, The store has a small neg&tive angle og attack, which is
reflected in the positive pressures at the nose being higher for ¢ = O than for 180 . Two minima occur )
in each section, clearly related to the transition of the varying cross-section of the nose to the

$ cylindrical part and to the transition of this part to the afi-body.

The observations for M = 0,8 are the same, In this case theoretical values have been included cal-
culated with a panel method presented in roferencer, The agreement is very satisfactory. At the end of
, the cylindrical part the flow becomes slightly supsrcritical, just below the part of the
) wing where the flow is also supercritical. Obvioumly this phenomenon is caused by the goometry of wing-
pylon-store, which admits only a narrow passage for the flow,
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! In fig.14 quasi-steady and unsteady resulis are presented for the same 4 sectims as in fig.13, Mach
number is 0.45. The quasi-sieady pressure distributions and the real paris of the unsteady pressure disiri-
. butions show exactly the same tendencies, Tne magnitudes of the imsginary parts are relatively very suall,
i In fig.15 anslogous results are shown for X = 0.8, where again a comparison between measured and
calculated resulis is poasidle. The agreement is fairly good § the differencen are largest over the rear

S half of the store, poesibly due to buundary layer and separation effects.

. 3,2,2 Load distributions .

: In this section quasi-steady and unsteady results are presented in the foru of C_ -~ and c’ -distri-
E- butions along the store, In fig. 16 the C_ ~distribation is shown for the X = 0,45 and 0.8. Thebrourks

as for fig. 14 can also be made here, A litative analysis of the load distribution may be given using
the rssult of slender body theory that the load distribution is proportional to % (s(x)a(x)) , where

S(x) is the local crosp-sectional area and a(x) the local normal wash as functions of the co-ordinate x
34 along the store. The normal wash a(x) is a combination of the geometric angle of attack a and the

E wing-induced upwash, which increasas towards the wing and passes on to a downwash near the leading edge.
A The resulting downwash distribution along the store thus will have the global shape as skeiched in

3 ?ig.18. The derivative of the product S(x)a(x) then leads to a force upwards on the frant part of the
store and downwardr on the rear part, in accordance with the cz -distributions of fig,16.

A final remark concerns the small imaginary parts of cz ig fig. 16, indicating that the damping

effsct of the store loads on the oscillatory motion is negligi‘ole.
| {astly, fig.17 presents the distribution of the coefficient Cy alang the store for both Nach num-

bers. Also here the quasi-steady and the real parts of the unsteadybresults are almost identical., Again
slender body theory may be used for a qualitative explanation of the load distribution. Due to the pre-
sence of the swept wing the side wash along the store increases gradually towards the tail as is shown
qualitatively in £ig.18. The resulting side load is pointing outwards necrly all along the store, It is

, very small over the front part, shows a maximum near the wing leading edge and falls off towards ithe tail.
B Through integretion of the side load distribution along the store a side force coefricient is found, The

; modulus of this ccefficient is nearly 2 % of the modulus of the lift coefficient if both are made dimen~
sionless in the same way.

4 CONCLUDING REMARKS

In this paper a discussion is given of the aerodynamic loads on an oscillating wing-store combina-
tion measured at subsonic speeds during & wind tunnel experiment. Emphasis is put upon the influence
of the store on the unsteady airload on the wing and on the loads acting on the stere itself,

It is shown that for the configuration underconsiderationthe store has a limited influence on the
wing loads. The maximum effect oa the local unsteady lift coefficient amounts to about 15 %, while the
maximum effect on the overall unsteady lift coefficient is about 5 %.

The real part of the unsteady load on the store resembles very much the quasi-sieady load; the
imaginary part (damping) appears to be very small. Noteworthy is the wing-induced lateral load on the
store. The resulting side force is in the order of 2 % of the unsteady lift force on the wing.
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Fig. 1 Model of wing with pylon and store mounted in large transsonic wind tunne! H.8.T.
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Fig. 12 Influence of pylon and store on the unsteady spanwise load distribution

over the wing.
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Fig. 13 Steady pressure distributions along the store.
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WING WITH STORES FLUTTER ON VARIABLE
SWEEP WING AIRCRAFT

by

O.Sensburg, A.Lotze and G.Haidl
Messerschmitt-Bolkow-Blonm GMBH
Unternehmensbereich Flugzeuge - Entwicklung
Ottobrunn bei Miinchen

1. INTRODUCTION

The large number of wing mounted stores with varying mass and inertia properties for
modern fighter concepts especially in conjunction with a variable wing geometry requires
economical procedures for investigation of total airplane dynamics. There are two basi-~
cally different analytical methods which are commonly used to explore wing-store flutter
characteristics:

A) Determination of the stiffness matrix of the coupled system by application of
subtructure techniques and calculation of normal vibration modes:

This method has the advantage that every degree of freedom is implemented (no trun-
cation effects). There are two major disadvantages, namely that for total airplane
analyses one must work with very large matrices and that for each mass variation
leading to different normel modes the unsteady aerodynamic forces must be produced
anew. For the latter reason the method 1s restricted te the application of two-di-
mensional unsteady aerodynamic forces with all known inaccuracies at high surface
sweep angles. Use of correction methods to the unsteady aerodynamic forces reduces
the error margin but still leaves uncertainties about the absolute error in pre-
diction of flutter sgpeeds.

B) Representation of the total aircraft dynamics by supeirposition of clean wing canti- H
lever modes and cantilevered external store modes. E

Here we have the advantage of wing branch modes and unsteady aerodynamic forces f
not changing with external store variation. As will be shown later convergence

problems concerning the number of necessary wing branch modes will arise. If many .
higher order branch modes are utiiized then the order of the eigenvalue problem ,
increase and the amount of work which is needed for good definition of aerodynamic +
forces will be unacceptable. 4
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It is ulso possible to use wing branch modes which incorporate the external mass rigidly
% ‘ attached to a wing point. This method contains the disadvantages of methods A and B

since wing mode shapes will change with varying external stores thus requiring recalcu-
lation of unsteady eserodynamic forces and the convergence problems will not be alleviated.

R

Modified branch mode techniques are found to be most suitable to solve the problem. By
this approach the frequencies and modeshapes of the coupled system are obtained by super-
position of a limited number of clean wing normal modes and the so called junction modes,
which are employed in order to improve the convergency of the results related to the
number of cantilevered bare wing normal modes. The procedure, using modified branch mode
techniques for the total airplane representation and crosschecking the solution of ground
vibration and flutter calculations with total airplane model test results is considered

to be the most efficient approach for obtaining reliable flutter results. It will be shown
that only free-free dynamically scaled total aircraft models can give good correlation

' when turing offects occur. The most efficient method of investigating flutter behaviour of
H asymmetrical store configuration is therefore the testing of this above mentioned model.
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2. ANALYTICAL MODEL

Structural renresentation

For the representation of total airplane dynamics the following sets of finally retained
generalized coordinates are considered for vibration and fluttor analyses:

[ Airplane rigid body modes

o Cantilevered fuselage normal modes
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o Cantilevered taileron normal modes and taileron attachment modes

[ Cantilevered fin normal modes and fin attachment modes

[} Cantilevered wing normal modes and wing attachment modes

[} Wing - external store junction modes

o Cantilevered external store normal modes and pylon attachment modes

During early design stages each airplane component was represented by a simple beam
structure to allow simple parameter variation:z. For initial investigations also the
taileron and the fin were assumed to be rigid. After refinement of the design the
fuselage, taileron and fin idealisalion was replaced by a finite element representa-
tion, according to the complexity of the structure. For the cantilevered component
modes a distinction is made between primary modes for a main structure as for the

wing and secondary modes for substructures as for example an external store. Attach-
ment modes, which are rigid body modes for components, are used to vary the connection
stiffness of main structures with substructures. One attachment mode for each external
store has been introduced to establish a yaw degree of freedom corresponding to the
flexibility of the pylon control rod, which provides constant streamwise direction of
the pylon for all wing sweep positions. It should be mentioned that according to the
single point pylon attachment with free motion of the pylon in yaw relatively zo the
wing, the wing modes do not contribute to the pylon yaw displacements.

Determination of junction modes for the wing - externa) store attachment

Following the procedure, which has been developed for the dynamical coupling of sub-
structures with statically undetermined attachments using constraint modes, (Ref. 1;
2; 3) junction modes can be derived from the stiffness matrix of the main structure

and the stiffness matrix of the attached substructure respectively

FA kAA kAI é‘A
FI = kIA ku 61

where the superscripts A and I refer to the freedoms of the attachment and the interior
structure respectively. The coordinates é are physical displacements of the attachment
points and interior points. F and k describe the corresponding force vector and the
stiffness elements respectively.

For the determination of junction modes the forces at all interior points are set to
zero while the displacements of the attachment successively obtain unit values.

Using equation (1) this procedure leads to a number of junction modes corresponding to
the number of attachment freedoms.

o] =[]l 1]

@

I = unity matrix

Each column of [6] refers to a junction mode
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defining the displacements at the interior structure points and having unit displace-
ment in one attachment freedom.

For the case in consideration, a wing with pylon mounted stores, equation (2) can be
used to calculate the junction modes for the wing structure. Combined with all modes,
which effect displacements on the winz structure, the resulting modal matrix produces
a nondiagonal generalized mass and stiffness matrix.

A typical example of Jjunction modes for a wing with a store connected at a wing inboard
station in three attachment freedoms (roll, pitch and z-translation) is shown in Fig. 1.

Distance dtong elastic Qxis mae
No i
] 1.
“r 80
‘/-\
No 2
eu il. r
2 6,0
No 3 } A
L
ev ;6' \\\~J ]
9, =0 +

Fig. 1 Wing Junction Modes

For the ccnnected substructure, the store having the flexibility of the pylon, the
junction modes turn out to be rigid body modes, if the attachment between the main
structure and the substructure is statically determined and the unit displacements at
the attachment points do not produce deformations on the substructure.
Restricting our explanations to the wing-external store combination, the following
generalized coordinates have to be introduced into the calculation:

° Rigid wing modes (R. Wg)

o Primary modes (P)

o Wing junction modes (J)

o Rigid store modes (R. St)

o Secondary modes (S)

it Craik
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Compatibility conditions for the boundary

¢
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The compatibility equation

¢L$”mq

(62, 8% 371 BBt ] ( ame] = 0

3 94 (4) ‘

3
= ensure that the displacements on the boundary of the substructure match those of the

B primary structure on the attachment points. Before this operation can be performed,

;; the motions of the store at the attachment points are to be expressed in terms of local
[ wing coordinates. This can be achiaved bty a suitable transiormation

¥~ A A

; ¢ =T (5)

B ! STORE STORE

2 i

2

B . ! .

& I where é"“o’e reprcsents the motion of the store at the attachment related to local
atore coordinates.

>~ " 1

The compatibility equation (4) is used to elimiiute dependent coordinates. Partitionanc
the generalized coordinates according to

q = 8 gepend

6
Q independ o

equation (4) can be rewritten

[@:cpen;_l {9 deoond‘ M [¢;dmd]{9inmd} =0 m

A "
Qdepend | -[ éd”ﬂa [q)indm""'] qindepend 8)
Qindepend [ I ]

The transformation

a = T2 ) 1 independ

reduces the generalized coordinates to the finally retained coordinates q

whore T2 is defined by cquation (8). This operation also relates the displ%gg% gedent,

of the substructure to the generalized coordinates of the main structure. For convenience,
the rigid store modes with unit displacement in pitch, roll and z-<ranslation at the
boundary can be considered as dependent modes. For total airplane calculations a simi-

lar treatment has to be performed for each connected component, as for example the rigid

wing modes are used to satisfy the compatibility ‘conditions for the wing-fus-Yage attach-
ment. §




System equation for vibration and flutter analyses

Applying the transformation matrix T,,the generalized mass and stiffness matrix as
used for vibration and flutter analyses of the complete system can be calculated from
initially obtained generalized mass and stiffness matrices for the cantilevered compo-

nents,
[Mgm]m: [sz] Mgenx NQMHJ[ 2]

[ngn] =[Tzl] K |[T]

ToOTAL
Kgenr

where the indices I and II denote the generalized coefficients of the main structure
rand the secondary structure.

The eigenvectors and frequencies of the coupled system are obtained by solving the
eigenvalue problem

(g [Mg’”']ml I3 ger] mL){ﬂindep} =0

The flutter prcblem is described by

2 . A
|55 (M) i [Kam L (14 ) - 507" s

- ([Com o i o g} - 0

reference mass and frequency

semispan of reference plane

area of reference plane
structural demping

true airspeed

flutter frequency
flutter vector

real and imaginary parts of non dimensiuvnal generalized
airforces defined for discret values of K =S
v

[o, o= 2 ot e pe St et i T
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. R Using the Q-R Algorithmus the flutter equation is solved for the equivalent amount
& of structural damping g necessary to provide harmonical oscillation.

- ;
- The generalized airforces which are to be introduced into equation (12) can either

be calculated directly for the constrained modes defined by equation (8) or be computed
for the initially employed unconstrained modes and transformed by

[Cgm]m: [TZJ o Caen]l][ K ] 13

Unsteady aerod, .amic forces

J-dimensional unsteady aerodynamic forces are calculated isccording to the theories of
(4), (5), (6), (7). Subsonic airforces including wing-tailplane-fin interference effects
and supersonic aerodynamic forces caonsidering wing-tailplane interferences can easily

be introduced into flutter analyses by usage of branch modes.

Investigations show that there is little influence on flutter behaviour caused by un-
steady aerodynamic forces on external stores and store-wing interference effects.

v

For comparison with flutter model test resvlts in this paper only calculation for the
subsonic region at Mach number 0.2 are discussed.

) 3. SUBSONIC WIND TUNNEL FLUTTER MODEL

A dynamically scaled free flying subsonic wind tunnel flutter model was bu 1t at MBB
and tested in the flutter tunnel of the Eidgenossisches Flugzecugwerk in Emmen, Switzer-
land.

The wings an' the fuselage of this model are represented by elastic axis lumped mass
systems. The fin and tailplane struclure is simulated with a besm latice.

A set of stores with varying mess and inertia properties was fabricated and thcs.o
stores could be quickly changed on the model. The store was attached to the wing bty
a beam representing the pylon stiffness.

The flutter speed and frequency of the model was found by increasing the tunnel speed
up to the flutter speed and recording tle freqguency with accelerometers.

.
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4. RESULTS

As already mentioned there is a huge variety of configurations, arising from the attach-
ment of stores-largely differing in weight and inertia - to wings of variable sweep air-
planes.

Fig. 2 illustrates a few major points. It shows flutter speed as a function of wing

sweep angle for a store with a constant weight and variable radius of gyration. One can
see, that the increments of flutter speed with wing sweep change with store radius of
gyration. It is also important to note, that the minimum flutter speed occuring at diffe-
rent sweep angles changes with radius eof gyration as is illustrated by curve 1 and 2 of
Fig. 2. It is also possible that tho flutter speed increment with wing sweep angle might
not be sufficient, bearing in mind that the flight envelope is also extend.d for higher
sweep angles. The flutter behaviour may lonk completely different for a store having
another weight than that in Fig. 2.
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FIG. 2 FLUTTER SPEED VERSUS SWEEP ANGLE FOR DIFFERENT RADI! OF GYRATION
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i
b -
.'; An effective method is therefore necessary to cover all possible cases. A subsonic
- flutter model can be used and measured, flutter trends must be correlated with analys:is
b ' results. Having had good correlation <t low subsonic Mach numbers, the whole flight en-
'f} : velope with varying Mach numbers and artitudes can be covered analytically. All these
B ! analyses can be performed effectively with our developed branch mode system.
+ 7
& i
g
\:;ﬂ f Correlation of test and analysis results %1
x| e,
o i In order to prove the validity of a theoretical method it must be tested with the most 3;
i f severe boundary conditions. This is the case when a atore is rigidly attached to a wing. %‘
s H We calculated the normal modes of this problem applying three different methods: g
G t g
e, ; A. Exact solution -3
i . <3
. : For this solution, the store mass properties wero added to the wing mass matrix and bt
g the eigenvalue problem was solved. P
g kL
& ) 53
jz : B. Popular wing branch mode solution 3
- The bare wing branch modes are used as assumed modes. A generalized mass matix is
-3 formed by pre and post multiplying of the store mass matrix. This generalized mass
< matrix is added to the wing generalizsd nsass matrix. The eigenvalue problem is

solved and the solution vectora are used to superimpose the clean wing modes, thus
forming normal modes and a diagonal generalized mass matrix.

C. Combination of wing branch modes and junction modes.

Tha same solution method as for B is applied.
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z

Results of these calculations are shown in Fig. 3 as deflections br, bending angles Oy
and twist angles Oy along the wing elastic axis for the second torsion mode shape.
Solutions with 6 branch modes and 3 branch and 3 junction modes are compared with

the oxact soluticn. Whereas the branch-mode junction mode system matches the exact
solution very well, there is bad correlation with the 6 branch mode system for the
twist angle which is very important because it forms to a large extent the genera-
lized mass of this mode. From Fig. 3 it can be deduced that higher wing branch modes
are not as well suited for representing a mode shape that features an increasing

twist angle up to the store attachment point and has a constant angle from there on,
than the torsion junction mode is, which has exactly those characteristic (see Fig. 1).
For the other normal modes correlation of the three methods is much better - so they
are not shown, but their generalized masses and frequencies are tabled in Fig. 4. This
table proves again that only the branch mode-junction mode solution matches the exact
solution accurately enough.

In this table it is also shown that the branch modes-junction mode solution converges
rapidly. Only 2 branch modes and one Jjunction mode are needed to get a reasonable
match,

I R R R Y
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—r— EXACT SOLUTION
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FIG. 5 FLUTTER SOLUTION RESULTING FRON: DIFFERENT APPROACHES

Results of flutter calculations with the two different approaches are presented in
Fig. 5. The classical wing bending torsion flutter problem occurs. With the branch
moue system the flutter speed is unconservative 22 % for structural damping g = O
and 25 % for g = 2 %. Again the branch mode-junction mode and *the exact solution
correlate very well.

It should be noted that we tested the method with a rigorous case 1.e. rigid store
attachment stiffrness. For stores clastically attached to a wing the branch mode system
should inevitably lead to better results because for the zero attachment stiffness
case the clean wing modes are exact solutions.
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The following pictures show the good correlation of anslytical results with test re-
sults from a subsonic wind tunnel model.
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FIG. 6 FLUTTER SPEED VERSUS C.G. POSITION OF THE OUTBOARD STORE

Fig. 6 demonstrates how the fluttor speed of an outboard store increases with shifting
its center of gravity forward of the elastic axis. It is interesting to note that no
more increase in flutter speed can be expected by snifting the c.g. further forward
than{% ».5because another flutter mode,arising from detrimental coupling of the store
yaw m:gé crosses over.
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FIG. 7 FLUTTER SPEED VERSUS DAMPING AND FREQUENCY FOR TOTAL AIRPLANE
WITH A STORE ATTACHED TO THE OUTBOARD WING
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The V-g plot Fig. 7 depicts this behaviour at 0.5 c.g. shift. Bending mode and store
pitch mode are producing flutter mode 1 and bending mode and store yaw mode produce
flutter mode 2 of Fig. 6

61l

A 3se ! Ar3se I
. .
0% 4 08 T S
MODEL TEST
\ 1% t')mpms
| MODELTEST 1% DAMPING % -\ 7
— L | % Nl
025 DAMPING 04 I
-2 o 2 4 Q25 % DA(\PlNG
T %— :
/ v v |
_H
0= o
0 0,6 1,2 0 08 p 16
W P,
Wr R

FIG. 10 FLUTTER SPEED VERSUS RADIUS OF
GYRATION FOR INBOARD STORES

FIG. 8 FLUTTER SPEED VERSUS STORE WEIGHT
FOR INBOARD STORE CONFIGURATIONS

Fig. 8 1llustrates, that there is little change of flutter speed withh store weight for
a certain inboard store (constant radius of gyration). This is attrabutable to the
fact, that the inboard store weight changes the wing bending frequency very little.
Fig. 9 shows the V-gplotfor W = 0.886. Here it can be seen that the flutter

wRef.
mechanism is wing bending store pitch coupling.(Mode 2, 3)
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NN
’ A s 35
0 | N E ARE

-2 -8 -4 0 4 0 2 4 6 8 10 12 1
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F1G. 9 FLUTTERSPEED VERSUS DAMPING AND FREQUENCY FOR TOTAL AIRPLANE WITH
A STORE ATTACHED TO THE INBOARD WING

Fig. 10, showing flutter speed versus inboard store radius of gyration, proves the well
known fact, that the lowest flutter speeds occur when the store pitch frequency matches
the wing bending frequency. The two small V-g plots in Fig. 10 demonstrate that the Iy
flutter cases for store pitch frequency below wing bending frequency are mild whereas 3
strong flutter occurs for the opposite frequency ratio.
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;- Fig., 11 shows a strong dependency of the flutter speed of two stores inboard and
x outboard on a wing with inboard store weight. The V-g Plot for a W = 0.886 ia
E given in Pig. 12. W Rec.
A
= l I | 14, DAMPING !
_‘ 1\ HODELTEST ! \ \ |
> \ '5'6‘6‘5'5- - 0‘8 73‘0'37 -
‘ \\\\n .5. | 025°% 0AMPING MODEL TEST — |
3 1% DAMPING R
£ Q25 % DAMPING N
“ \N\\Y o "%
4 N
] S’; =12
. . | Wieb
4 ’ W:ﬁ =0.26 We 12
I A= 35 0 ‘J\l ase
0 06 1,2 0 08 p 16
3 W A
=z WR
FIG. 11 FLUTTER SPEED VERSUS INBOARD STORE WEIGHT  FIG. 13 FLUTTER SPEED VERSUS INBOARD STORE
., FOR VARYING INBOARD STORES AND RADIUS OF GYRATION FOR VARYING
ff: CONSTANT OUTBOARD STORE INBOARD AND CONST. OUTBOARD STORE
EY.

In Fig. 13 variation of flutter speed of an airplane with two stores mounted on each
wing as a function of radius of gyration of e inboard store is depicted.
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Influenc~ of flutter model suspension system

Most of the flutter cases, experienced during our tests were symmetrical cases, but

we have also encountered antisymmetrical flutter cases. We have also found, that

there can be a strong influence of fuselage tuning effects upon store flutter cases,
fluttering symmetrjically. For these two reasons we recommend to use a freely sus-
pended total aircraft wind tunnel model for wing-store flutter investigation. In the
next figures the effect of boundary conditions on the flutter speeds wing-store con-
figurations will be illustrated. These pictures also prove, that the usage of uncorrec-
ted two-~-dimensional unsteady air forces may lead to large errors in flutter predictions.

]
W3
WR
P
(LS —-——1%4‘
v
VR
0,6
\J FI i
KEE-FREE
TOTEL ARCRAF 1 (1
04 RESTRICTED N \
s IN HEAVE

" 2)

CANTLEY,
Y WING

A =25°

) | i
25 50 100 150 200

PYLON PITCH STIFFNESS (°%]

FIG. 14 FLUTTER SPEED VERSUS PYLON PITCH STIFFNESS FOR FREE AND RESTRICTED
AIRPLANE

Fig. 14 shows the differences in flutter speed for varying boundary conditions as a
function of pylon pitch stiffness. Curve (2) illustrates how the flutter speed of a
cantilevered wing with an external store varies with pylon pitch stiffness. The im-
portant store pitch mode shape is presented for different pylon pitch stiffness. These
mode shapes allow a qualitative assessment of flutter behaviour. The mode shape for

100 % pylon pitch stiffness shows a nodal line at about three quarter wing chord. Both
nodal lines for 50 % end 200 % pylon pitch stiffness are further forward on the wing
chord, thus leading to higher flutter speeds. The free-free aircraft flutter model has
a different flutter behaviour versus pylon pitch stiffness (Curve 1). This time the
nodal line is forward for 100 % pylon pitch stiffness. When the heave mode of the total
airplane model is restricted (Curve 3), than the model behaves as the cantilevered wing.
From Fig. 14 it can be learned, that the flutter speed can be largely underestimated
with cantilevered wing models for certain pylon pitch stiffness.
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V-g plots for different boundary conditions and two pylon {tch stiffnesses are given
in Fig. 15. The large differences in flutter speed for cantilevered wing and total air~
plane with two-dimensional and three-dimensional air forces are striking for the case
with 100 % pylon pitch stiffness. Much smaller differences are apparent for 200 % pylon

pitch stiffness.

Flutter of asymmetrical external store configurations

This phenomenon can only be investigated with total airplane flutter models. Asymmetri-
cal store configurations are possible for an airplane carrying bombs and missiles.

Fig. 16 shows, that it is possible to have increases or decreases of flutter speeds
with sweep angles for asymmetrical store configurations compared with symmetrical store
configuration. Whereas Fig. 16 a shows higher flutter apeeds for a store with a high
radius of gyration on one wing than for the asame store on two wings, Fig. 16 ¢ denmon-
strates the opposite. A different behaviour occurs for two stores on the wing (Fig.

16 d, 16 e, 16 f).

Couplings of three different vibration modes are feasible. These vibration mode
shapes are shown in Fig. 17. In Fig. 17 a first wing bending, in Fig. 17 b store
pitch and in Fig., 17 ¢ store roll is represented. The mode shapes, considering only
the right side wing change little for symmetrical and asymmetrical configurations,
but the frequencies vary.
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Fig. 17a FIRST WING BENDING
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FIG. 17 VIBRATION MODE SHAPES FOR SYMMETRICAL AND ASYMMETRICAL STORE
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An explanation of the flutter mechanism will be given using the following figures
for the inboard store configuration. In Fig. 18 a the flutter speeds for a symmetri-
cal and asymmetrical store configuration are drawn versus radins of gyration of {his

store for a constant sweep angle JLL'= 25° (they are taken from Fig. 16 a, 16 b,
16 c).

Fig. 18 b presents the frequencies of the different mcdes varying with radius of
gyration.

For ;ﬁ =12 one can see, that the asymmetrical store pitch frequency is below the
asymm:irical wing bending frequency. This leads to a milder flutter case than that
of the symmetrical configuration where store pitch frequency is above wing bending
frequency. For this reason we get a higher flutter speed for the asymmetrical con-
figuration. Forjaf = 0.7 to ?g . = 0.9 the wing bending-store pitch flutter is
detuned and a mode coupling store pitch with store roll is tuned in. When store
pitch and store roll mode have the same frequency at gtd = 0.6 the lowest flutter
speed for this coupling occurs. )

The different behaviour of the symmetrical and a asymmetrical configurations may be
explained by the different mode frequencies of these configurations.
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A PARAMETRIU STUDY OF ¥ING STORE FLUT-ER
by
L. CHSSTA

ASRITALIA S.p.A. —~ TORINO

INTRODUCTION
At Aeritalia an intensive study program based on tests and calculations on a sweepable wing model

has been carried out in the past years ant is still in progress,

Nost of the work has been devoted to the ctores problem to study the influence of different paramet—
ers in order to optimize the flutter performance of a wing with stores.

¥ore than 3000 configurations have been tested in the wind tunnel and mzny computations have been do
ne to extend the ressarch t. varameters thatwere difficult to simulate on the models,

Fige. 1 shows the geometry of one of the models used.

The model has been tuilt in the classical way with a spar simulating the bending and torsional stiff
nesses and nine se:tions sirulating the inertia of the wang,

The pivot and fuseiage flexibilities have been sarulated by a2 beam clamped to a risid rig fixed to
the tunnel roof,

It was possible to change the sweep angle by a screw with a spring incorporatec in order to simulate
the rig1d wing fore ana att mode.

Two pylon stations have been proviued at suitable positions and the two pylons have been simulated
by beams of different pitch, lateral and yaw stiffnesses.

The store C.J. position, weight and moment of inertia were simulated by two variable masseg mounted
on a beam at seven standard positions without any aerodynamic shape simulation.

TESTS PROCEDURES
A complete investigation has been performed on the following parameters
- Store mass
-~ Store radius of inertia
~ Store C.G. longitudinal position referred to the pylon attachment point
- Pylon patch stiffness
~ Wing sweep angi:
Moreover a limited analysis has been done tc evaluate the influence of parameters such as: Pylon
length, pylon lateral stifiness, fuel in the wing, fore and aft rigid wing stiffness, open flaps
and slats, pivot backlash, stores aerodynamic shape and the size of the stores vanes.

RESULTS

bost of the studied configurations showed a flutter induced by the coupling of the wang fundamen-—
tal bending and the store pitch modes.
Fig. 2 left shows a typical contour diagram obtaineu for a confisuration with the inboard station

loaded and a wing sweepangle of 25 degrees.
Equal speed lines are drown wath reference to the max wind tunnel speed in the store weight ~radius

of gyration plane.

On the raight side of the figure a section of the diagram for fixed weight is shown together with
the frequency behaviour of the relevant flutter modes.

i1t can be readily seen that the flutter speed decreases increasing ti~ store radius of inertia un~
t11 the frequency of the store pitch mode 1s higher than the fundamental lending and starts again to
increase as soon as the pitch frequency becomes lower than the fundamental.

This second type of flutter 1s normally very mild; it 1s very dafficult during the test to define car
rectly the flutter speed, and consequently to make a correct comparison with the computation without
a careful evaluation of the model damping.

On Figure 3 the results obtained for the basic configurations with only one store at the inboard py
lon are stown.

The figure is a composition of many diasrams like that one shownm on Fig. 2.

The diagrams are set from left to right, in order of increasing values of the C.G. forward snift and
from top to bottom, in order of increasing swee angle.

It 18 clear that for all the sweep angles the forward C.3. shifting produces a sligit reduct:on of
the value of the minimum flutter speed associated with a reductivn of the area encircled by a defin-
ed constant speed line. Such area increasing the C.G. shift is progressively reduced to the region
of stores with small weight and large radius of inertia.
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An increase in the sweep angle produces a rise of the value of the minimum flutter speed and

the reduction of the effectiveness of the C.G. shift,

Pig. 4 shows a simlar diagram obtained for a configuration with a pylon pitch atiffness fur
time the one used 1in fig.)

Coxmparing the two figures 1t 1s possible to see that an increase of the pylon piteh stiffness
does not change the value of the minimum flutter speed dut shifts it towards stores of high-
er weight and radius of inertia and reduces the eifectiveness of the forward chifting of the
C.C. -
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On Paz. 5 and 6 the effects of the same parameters for a confijuration with a store at the
outboard station are presented, The trend is the same ac before, only the effect of the pylomn
pitch stiffness i1s less important, because the total deformability of the wing pylon system
from the root to the store attachment does not change toomuch smltiplying the pylon nowminal
pitch stiffness by four.

FPig. 7 and 8 show the effect on the flutter speed of a fixed and inertially well defined
store at the outboard pylon for the same wing sweep angles and inboara store rara-eters pre
viously analyzed,

sie™ s ¥

The configuration chosen for the outboard store was inherently very stable and therefore the &
result was only a shifting of the minmitum flutter speed toward the region of the large store f;‘
wexghts and radii of inertia, ’§§
oY

]

3

The diagram presented before could be considered in many aspects ideal because ornly one
type of flutter occurred in the configurations chosen.
Some different types of flutter can appear changing other parameterc.
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55

The lateral stiffness of the pylons comes out as a very important parameter for heavy sto- A
res vith a small radius of inertia like bombs mounted on double or triple carriers. %
In these cases a flutter due to the coupling beiween the laieral pylon bending and the pylon g‘
pitch modes can appear, é;
f1g« 9 shows nine contour plots, obtained for the same wing configuration and for different ?{

pylon stiffnesses and J.3, Dositiron, in which the distorsions of the equal speed lines due to
the presence of different flutter modes are eviaent.

On top of fig. 10 three =ections of these diagrams for a constant stose weight are presented
together with the frejuency trends of the most interest:ng modes.

Pylon C1 presents the normal behaviour because the lateral pylon mode has alway a frequency hi-—
gher than the pitch mode.

RONEL L
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Pyion BO1 has the same pitch stiffness but a lower lateral stiffness so that the pitch and 1a N
teral mode frequencies are very close for the first two test point and a flutter due to the cau i}%
pling of these modes appears at speed lower than espected. i;
Pylon 3032 has about tne sare lateral stiftness as pyion g0l but a larger piteh stiffness ;%
and also 1n tnis case when the frequency of the lateral bending mode is lower or close to ‘5
tiat one of the pitch mode the same type of flutter appears at speed lower than expected. :‘

Also when boti stz ions are loaded the lateral bending stiffness of the inboard pylon has /‘é
been found 1importuant; Fige. 11 show. a configuration in which some cases of flutter cue to {_;,
the coupling of the lateral bendinz of the inboard pylon with the pitch mode of the ouiboard ;‘;
pvlon are present, iﬁg
In this confiruration the outboard pylon yaw moae some tines has nearly the same frequency as ”\f_
the flutter mode and theretnre a rotating motion of tie cutboard pylon may appear during the P
flutter, ag

The most peculiar flutter found .s however thav one origina* :d by the rigid for~ and aft mo '%
tion of the wing. 3
This wode couples 1tself very strongly with the wing .ors:ion when a store 1s fitted on the py “
lon because of the large vertical distance between the wing and the store C.3. - Therefore, if ;
the frequency of the uncoupled fore and aft mode .s Jow enough, a new mode at a lower frequen~ 3
cy with a large amount of torsion may appear inaucing a flutter at a lower speede "2
On Fig, 12 bottom the frequency trends with the ridius of inertia of the relevant modes for ’:i
two cases with and witnout fore and aft motion are presented torether with the cc¢ responding ;%

flutter trends on the top of the figure,
It 18 clear that for heavy stores with a small radius of inertia the wang fore and aft mode has

a frequency lower than the store pitch and couple. 1t.2lf with the fundamerntal wing bvending at
a lower speed. This 15 made evadent on figs. 1} and 14 where the modes nodal lines together with
the V- plots for two typical cases are shown,

Apparently the aerodynamic shape is not ~ very important parameter, only if the store 18 ve-

ry larre and lizat a small 1acrease in the flutter spred has been found (see iig. 15).
Also the vanes nay increase slightly the flutter speec when the flutter 1s mild as shown in fNig.5.
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CORCLUSIONS

The diagrams shown are only a few sample of the results obtained in the work; unfortunate-—
ly the short time available allows only the presentation of some highlights and their discug

sion in a very arid way.
It is anyway possible to summarize here some irportant general conclusions reached during *he

progress of the study.

If an aircraft carrying many underwing store configurations must be developed a complete
flutter analysis should be done <aking into account the effect of the variation of as many pa
rameters as possible .

In fact, wath an aalysis limited to the required storcs configurations or, much worse, only to
the configurations considered critical, it is impossible to extrapolate the value of the
flutter speed even for very similar configarations and to make any forecast of the critical
speed trends if some parameter is changed.

The evaluation of the effect of a change of the value of some parameters is the .ormal work,
during the development of an aircraft, bat this is very cumbersome and difficult to do if rany
underwing etore configurations have to be cleared together . In fact an increase of the value
of one parameter, for example tho pitch pylon stiffness, may be beneficial for one store and
similtaneously unfavorable for another store only slightly differing in the i.ertia characteris
tics.

To be able to judge about the convenience of a modification of a parameter it is therefore ne-
cecsary to have well 1a mand how the overall picture, and not only the single points, changes
with that parameter.

This 18 even more complicate for an aircraft with a variable sweep wing where it is necessary
to get a good comprormse with the different flight envelope requirements at each sweep angle.

In the design of the wind tunnel models and in the definition of the mathemztic~l models
for tne computations it 1s important to lake into account all the degrees of freedom, also
those normally neglected like th: in-plane flexibility of the wing, the lateral and yaw flexi—
bilities of the pylons,

In particular for the computaiions, 1t 1s necessary to obtain a good accuracy in the represen-
tation of the wing modes., In fact most of the discrepancies found in the cross checks bete
ween tests and coiputations were due to inaccuracies in the modes definition specially in the
earlier calculations when the metbod of the branch modes, without junction modes was used.

For this reason all the flutter computations have Leen done using wing-pylons normal modes com-
puted for each specaific configuration reaching in this way a good agreement between test and
calculation, notwitkstanding some further difficulty in the correlation due to a str..tural
damping of “he model., In fact if the flutter is mild, and normally i1t is, a small amount of
damping 1S suificient to increase very much the value of the flu*ter speed; moreover the defi-
nition of the flutter speed in the wind tunnel mey get, in these cases, inaccurate since it

18 dafficult to define the point of the flutter onset. Anyway a good comparison has always been

found 1atroducing the measured value of the flutter m de damping.
As a last sentence 1t has been found very convenient and powerlul to use a mixed wind tun-

nel - comput .tyon flutter analysis. In fact, as both methods b-.ve bteen proven equivalent in
tne accuracy of the results 1t has been possible an trnis wa* to reach an optimum between the
time necessary to get the results and the difficulties tc represent some parameter either on

wind tunnel or mathematical models,
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LIST OF SYMBOLS

.: , CR = Reference chord

g IPL = Inboard pylon lateral mode
4 i

v? IPP = Inboard pylon pi.ch mode
E: . 1PY = Inboard pylon yaw mode

4" OPL = Outboard Pyion lateral mode
" OFP = Qutboard pylon pitch rode
T

g OPY = Qutboard pylon yaw -ode

Vmax = lMax wind tunnel speed

Ve = Flutter speed
&, VBII  « Wing second bending
WFR = ding fore and aft

WFB = Wing fundamental bending
VIS = Inboard store weight (mouel)
A = Sweep angle

W, = Flutter frequency

Wp ~ Model frequencies
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RECENT OBSERVATIONS ON EXTERNAL-STORE FLUTTER

Sugene F. Baird and William B. Clark
Grumman Aerospace Corporation
Bethpage, New York 11714

INTRODUCTION

The problem of wing flutter with exterral stores is generally regarded as one of the most complex
flutter-prevention considerations. The sheer magnitude of the number of configurations to be studied,
Figure 1, all too often stagzers the imagination of the flutter engineer; it places him in a state of near-
exhaustior:, contemplating the number of analyses he must perform to fully understand the problem.
Often, one of the main dilemmas is jost where to start. This paper attempts to show how this problem
can be approached realistically and h-w its magnitude can be reduced to manageable proportions. The
paper first discusses the current azp-oach to external-store flutter, and then touches on some of the
recent developments being made to better cope with this complex problem.

E As is well known, classical wing flu.ter involves the coupling of at least two iegrees of freedom, one
or more of which must contain motion of .he wing In angle of attack. Wing external- store flutter is no ex~
ception to this rule. The basic mech: nism of external-store flutter can be thought of as the coupling of
wing modes with store modes which pruduce wing angle-of -attack motion. Most external-store flutter
probiems occur either as an existing bare-wing flutter mode, modified by the addition of store mass and
inertia on a relatively stiff pylon, or as a new flutter rnode introduced by the addition of the store on a
relatively flexible pylon. The occurrence and characteristics of either type of flutter are very much a

k- I function of a1 craft configuration, store location relative to the aircraft, and system mass and elastic

R . properties. It.s, obviously, impracticai to provide detailed design charts for any and all pcssible comi-

44 1 binations of these parameters. This paper will show how the problem :an be approached and interpreted

j,; & in a manner sufficient to gain the understanding required for a realistic problem solution. '

2 3 EARLY TRADEOFF DESIGN CONSIDERATIONS :

In the early design stages of an aircraft, the flutter analyst is generally asked o provide configura-
tion tradectf information necessary to arrive at an optimum ove.all design. Analys:s are usually based
on very preliminary design data and little or 10 test information. This probler» is zreatly complicated
when the aircraft being designed is required tv carry a large variety of wiag-mounted extecnal stores.
If the design happens, for example, to be a strike fighter, then the tradeoffs between the fighter config- '
uration, which is required to carry a few air-to-air missiles, and the attack version, which most likely '
must carry a la: ge assortment of heavier air-io-ground stores. become a major design consideration.
How much weight penalty should be imposed on the fighter version to have a satisfactory attack capability ?
Early design flutter studies of a reasonable number of store configurations with a strength-design wing
will indicate quickly the scope of the problem. It is not unreasonable to find 2 ratio in flutter speeds of
two 0. more between the bare wing and the wing heavily loaded with stores. Such a ratio would surely
require that the torsional stiffness of the wing be increased. The additional stiffne - required will then
depend on exactly what pe. Zormance is needed for the attack mission. An early check on the aircraft
performance with the added store drag 1s certainly a calculation which should be made. These results
help the analyst decide just what level of stiffness is needed to satisfy the various mission profiles.

The most gratifying approach to carrying external stores to come along in a long while is the con-
cept of conformal weapon carriage, Figure 2. This concept provides for the mounting of stores within
a pallet that fits along the bottom of the aircraft fuselage. The stores are submerged and held in place
by ejecter racks within the pallet. Flight tests have demonstrated substantial performance improvements
with the contormal carriage pallet. Resu'ts indicate a very dramatic reduction in the drag associated
with external stores. However, because the trends in weapon development are toward very large,
heavy, sophisticated bombs, the use of the pallet will be limited. Because sophisticated weapons have
aerodynamic fins for controllability and will be £longated with complex guidance units, the installation of
these bombs into the pallet may not be possible. Therefore, satisfactory operation of sophisticated
bombs will still require the use of wing pylon mounting.

TN s A AT Pt s S

Unfortunately, there is little hope of ever having enough quantitive data to set down a complete set
of guidelines for the optimum arrangement of external stores on a wing. Some obvicus general guide-
lines to follow in the design of a new aircraft which carry many external-store configurations are:

en

o Keep all store stations as close to the fuselage as possible, as shown in Figure 3

o If store stations outboard of about the wing mid-span are required, minimize the possible mass ‘
inertia variations at these stations

e Obtain as high a bare-wing flutter speed as is practical, an example of which is shown in
Figure 4
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Once the configuration has been established, some preliminary analyses must be performed to
establish what the critical flutter modes are and an idea of what the critical parameters are. The
amount of work necessary in this preliminary study will depend to a large extent on the configuration to

be analyzed.
CURRENT APPROACH

Mission-Loading Definition

‘Yhe mission st.-re-loading recuirements for a new aircrait are generally well defined in the speci-
fications. Here, the various roles of the aircraft are detailed and the armament specified. For
example, a strike fighter will, typically, perform a fighter escort mission for which a few relatively
light air-to-air weapons a.2 carriad. This same aircraft might well be required to also perform an
interdiction mission carrying 2 much heavier assortment of external stores ang a close-air-support mis-
sion with a still heavier load of wapons. If all the possible mission and weapon requirements of the air-
craft are set forth, one sonn begins to realize the scope of the protlem that faces the flutter analyst.

The enormous number of possible wing-store combinations is the central problem to most wing-store

flutter studies.

The first ,ob of the flutter analyst is to reduce this seemingly infinite problem to one of manageable
size. Generally, this task is begun by discussing mission loacdings with both the contracting agency and
the operational squadrons. In the case ol tl. . pnthetical strike fighter, it is not unreasonable to expect
that out of these discussions will emerge si eight mission loadings whici» must be thoroughly analyzed
to establish stiffness levels necessary for proper flutter margins throughout the defined flight profiles:
that is, the wing should be designed to carry these basic mission loadings and their subsets to specified

limit speeds.

The problem then becomes one of minimizing the number of subsets which must be analyzed to
clear an entire loading. An effective way of accomplishing this reduction is to make use of inertial sim-
ilarity. This procedure is based on the establishment of a relationship between store inertial properties
and wing flutter characteristics. This is accomplished by plotting the inertial properties of all possible
stores within 2 mission loading at a given station, as shown in Figure 5. Examination of this plot re-
veals important areas where analysis of a few cases is representative of 2 larger number. Considera-
tion of plots of this type for each station and each loading will lead to a list of cases which, when ana-
lyzed, will represent the entire array. This list becomes the basis for the preliminary analysis.

Analysis

A successful theoretical analysis is one which initially identifies problem areas, categorizes them
in terms of impact on design and performance, and provides detailed relationships between stiffness,
weight, and flutter margin to the designer. The accurate identification of a wing-store flutter problem
at an early stage of development is essential for a minimum-impact solution.

A search for problem areas can be undertaken as soon as a tentative strength design has been
deterniined. The clean wing is analyzed, of course, in each of its possible modes: cantilever, sym-
metric and antisymmetric; with and without wing fuel; at various wing sweeps, if movable; and at several
key Mach numbers. The wing flutter speed(s) should be considered in terms of gradients. If flutter
speed changes rapidly with respect to any important parameter (fuel, wing sweep, root attachment stiff-
ness, outer panel stiffnoss, altitude, Mach number, fuselage inertia, etc.), the phenomena should be
studied in more detail.

As a next step, candidate stores from the mission loadings described above are introduced into the
analysis, one station at a time. The effect of their weight and inertia on the clean wing should, initially,
be determined by making the attachment stiffness infinite. (A typical flutter velocity contour is shown in
Figure 6.) The modes obtained in this way are an excellant set of generalized coordinates for later use
when store flexibilities ace first evaluated. Combinations of rigidly attached stores should also be ana-
lyzed using ti'2 mission loadings as a guide. Rather exter.sive modifications to the clean-wing flutter
resuiis cnr »  expected, especially for those stores most outboard on the surface. As above, steep
gradiznts in flutter speed as a function of mass or inertia at a certain wing station should be studied and
the phencmena properly identified and understood.

The int-oduction of pylon flexibilities is next undertaken. It is suggested that cantilever pylon
modes (velative to the fixed wing) be coupled to the modes above (wing with rigid store attachments)
directiy in the flutter determinant during these early design studies when little data are available for
precise prediction of coupled modes. The fiv’ter detera.inant shown in Figure 7 can be configured such
that it is necessary only to change a single diagonal element to change a particular flexibility; if store
aerodynamics are ignored, only mass coupling exists between the store and wing coordinates. Flutter
trends vs pylon flexibility can thus be obtained very efficiently and effectively. The hopeful result of
these trend studies would be ranges of pylon stiffness where acceptable flutter margins exist. I« satis-
factory margins cannot be predicted, the entire analysis should form a basis for reevaluation of t.e sit-

uation and reconfiguration of the design.
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. The analyses described to this point can be regarded ac a study, the output of which is a descrip-

; tion of the flutter behavior of a particular aircraft when external stores are introduced. The knowledge

; accumulated to this point should be sufficient to plan the remainder of the theoretical analysis program.

, A relatively small number of cases should be chosen as representative and a detailed analysis of each
performed. These cases will be a basis for monitoring the design 2as it progresses.

Flutter-Model Tests

Having completed the preliminary theoretical analysis, a flutter-model test program can be
planned. An early goal of this program should te identification of the transonic flutter characteristics
due to the presence of a store shape near the wing. Component models tesied in a2 small, high-density
blowdown tunnel are useful to this end. (See Figure 8.) The component models are not necessarily
dynamically similar, but should have node lines similar to ful' scale and the proper thickness distribu-
tton. A vibration test is performed before tunnel testing so that an accurate determination of generalized
mass and stiffness can be made for theoretical analyses of the models. A clean-wing flutter boundary is
first obtained and the test repeated with a very lightweight store shape added to the model. The store is
kept light so that only small changes in the wing modes occur, ensuring flutter at nearly the same tunnel
condition. The difference between the two boundaries is now primarily a2 measure of the change in aero-
dynamics due to the presence of the store.

A large, low-speed flutter model, such as the one shown in Figure 9, is the most useful experi-
mental tool to determine increments in flutter speed for a large variety of stores. This type of testing
can be accelerated greatly with the use of a variable-inertia store whose internal weights can be pos:
tioned remotely for variations in store center of gravity and inertia. The use of a low-speed model is
also an excellent way of assessing the influence of nonlinearities, such as free play, on store-flutter
mechanisms. Low-speed models should be cable- or rod-mounted so that body freedoms are relatively
uninhibited.

Free-flying transonic flutter models, such as those flown on cables in the NASA Langley 16-foot
Freon Tunnel (Figure 10}, are best suited to demonstrating margins in the 'ranscnic regime and investi-
gating special problems associated with Mach number and altitude. The co.nplex design problems and
high fabrication and test costs associated with these models do not make them attractive for tests of
more than a very few store configurations.

Ground Vibration Tests

1 The ground vibration survey of the flight article is traditionally performed just before first flight.
It 1s costly, time-consuming, and complex, and it is unreasonable to perform complete aircraft vibration
tests for each external-store configuration of interest.

An effective way of alleviating this situation is to perform vibration tests of isolated pylon,’store
configurations and couple these measured modes analytically to either calculated or measured modes of
the aircraft without stores. A fixture must be provided which properly simulates the wing pylon attach-
ment into a fixed base. (See F'gure 11.) These measured modes are ccmparable to those used in the
theoretical study described above. The aircraft modes should include those at least as high in frequency
as wing second torsion so that enough wing deformation shapes are available as coordinates. The pylon
store modes can be measured whenever the stores are available without access to the aircraft itself.
When this approach is «mployed, several of the most critical cases should be checked by performing
ground vibration tests on the fully loaded aircraft to demonstrate the accuracy of this analytical procz-
dure. (Figure 12 shows a heavily loaded aircraft during a ground vibration survey.)

Flight-Flutter Tests

It 1s obvious that only a relatively small number of store configurations can be flight-flutter tested.
To this end, it is important that an identification be made, based on all the analyses described above, of
a few configurations which, when demonstrated in flight, will clear all remairing configurations of
interest. This difficult and seemingly idealistic task can be accomplished if the flutter mechanisms are
thoroughly understood and the pertinent parameters have been monitored throughout the design process.
Put another way, money well spent to support the engineering analysis is money saved many times over
in flight testing.

e

To make the flight test program as brief as possible, it is recommended that a dedicated control
surface be installed on each wing to act as an exciter. A surface of this type is very effective in the
frequency spectrum of inierest. Ample excitation of the stores themselves can be achieved in this
manner, Data acquisition methods should be comparable to those used for the clean aircraft, e.g., those
; described in Reference 1.

{ RECENT DEVELOPMENTS

In the past few years there have been some noteworthly developments in several areas which we
believe will greatly case the burden of the flutter analyst in his quest for a more practical solution to the
wing-store flutter problem. Generally, these developments fall into three main categories: active
flutter suppression, fast flutter routines, and flutter optimization.
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The most promising application of active flutter suppression is to problems of wing external-store
flutter, Reference 2. A considerat 2 amount of analytical work, wind tunnel testing, and flight testing
has been performed in the United Statec on this approach. Figure 13 is & schematic of the flutter-
suppression system used in one of the studies. Active flutter suppression is attractive for store-flutter
problems for three main reasons: store flutter instabilities are commonly very mild, which suggests
that large increases in flutter speed are potentially achievable; a flutter-suppression system is adaptable
to store loadings not covered in the original aircraft specifications ard, accordingly, not covered by the
original flutter-prevention program; and a wide variety of store-flutter mechanisms can conceivably be
suppressed by properly adapting the electronically compensated feedback network.

In the field of fast fiutter routines, two promising methods have bean develor.ed: one by McDonnell
Douglas (Reference 3) and one by Northrop (Reference 4).

McDonnell Douglas has developed a high-speed wing-store flutter analysis program which features
a data storage and retrieval system and diagnostic and intespolation subprograms. A classical vibration
and flutter analysis routine which has been configured to treat wing-store cases in an optimum fashion is
the central program in the group. Results from this program are permanently stored for later uce.
When a significant amount of data have been stored, the diagnostic program is used to provide information
such as minimum flutter speed or flutter-speed gradient vs some pertinent parameter. When a new store
is to be analyzed, the interpolation program is used to estimate the flutter speed instead of performing a
complete analysis. The entire system is tied to a cathode-tube display and real-time control panel pro-
viding the flutter engineer with a powerful analysis tool.

Northrop engineers CTress and Albano have shown that computing time can be reduced considerably
by us:ing perturbation theory to find flutter speeds of wing-store combinations. The savings are accom-
plished by avoiding the repetitive and time-consuming operations of extracting eigen data from real
dynamic matrices (vibration) and complex flutter determinants. A representative case is first solved by
classical methods; a new store mass (or flexibility) representation is then chosen, which is expressed as
2~ incremental change m the dynamic matrix; the roots and vectors for the new case are computed
directly in terms of the original values and the incremental dynamic matrix using elementary algebraic
relationships; an incremental flutter determinant is then derived from the new vectors, etc., and the
perturbation equations are applied again. Northrop has been able to solve 1000 analyses per hour on an
IBM 370/165 computer with this method.

These recent developments in wing-store flutter prevention have been directed mainly toward in-
creasing the efficiency of flutter-speed computations for variations in design parameters, the so-called
fast-flutter techniques. Althiough these techniques aid significantly in establishing flutter-speed ‘store-
parameter trends, definition of the most critical design cases remains Lased largely on interpolation of
the computed data. This implicit dependence on the extensive "'mapping" of flutter-speed "contours"
leads to considering the feasibility of utilizing a more direct numerical search procedure. The relatively
recent derivation of an exact expression for the derivative of flutter velocity (Reference 5) with respect
to design parameters leads to the possivility of employing a flutter-velocity gradient search to determine
the critica) (minimum flutter speed) configurations. Pylon stiffness, store mass, and store inertia
would be considered as continuous design variables within the prescribed envelope of permissible values.
Pylon stiffness parameters would be constrained not to fall below their strength-required values. The
gradient-search approach would be used to determine directly 2 minimum flutter speed condition without
the requirement for extensive contour mapping. For cases where more than one critical root exists for
a given {light condition, the gradient search would necessarily be applied to each root separately to find
the respective worst cases.

Having somehow arrived at a critical wing-store configuration, the next logical step in the design
process is that of determining a "fix" to achieve a specified flutter-speed margin for selected critical
cases. Up to ncw, this process has tended to rely rather heavily on engineering judgment. An automated
procedure (Reference 6) has been developed recently for resiziug a structure to meet both flutter and
strength requirements for minimum weight increase. Although the reported method is currently being
applied to structures having a single critical flight-flutter condition, it could be extended to multiple
conditions, more typical of the store flutter problem, by holding the increased gage sizes resulting from
redesign for one critical case as minimum gage for redesign for any subsequent case.

CONCLUDING REMARKS

We have attempted to show how the problem of aircraft/external-store flutt¢r can be handled in a
realistic and practical manner and how the magnitude of the problem can be reduced to manageable
proportions. We have also touched on what we feel is the current approach in the United States to the
design of aircraft which are required to carry a large assortment of external stores. Finally, some
remarks on several promising new developments have been presented which provide the authors with
sotae hope that in the future aircraft designers will be able to cope with this formidable problem in a
more sophisticated manner,
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RECENT ANALYSTS METHODS FOR WING-STORE FLUTTER
b

y
Walter J. Mykytow
Assistant for Research and Technology
Vehicle Dynamics Division
Air Force Flight Pynamics Laboratory
Hright-Patterse: Air Force Base, Ohio
USA

SUMMARY

This paper first presents a summary or overview gleaned from a brief review of some of the literature
on the practi.al aspects of «4ing-store flutter prediction and prevention. Brief comments are given on the
advantages and disadvantages of various aspects of analytical and test procedures. Descriptions of improved
analytical procedures developed for the United States Air Force is then given. Two methods are described
in some detail and the results of the investigators are outlined. One is a rapid special purpose wing-
store flutter analysis program calied FACES. It has data storage and retrieval capabilities which togethner
with a diagnostic and interpolation/extrapolation procedure estimate the flutter speed of new, similar
stores. The system can be coupled tc a cathode ray tube to increase man/machine interaction and reduce
decision times. The other analysis metnud described is based on che perturbation approach. Ccmputation
times can be reduced 90% by using the previously available data. The method produces gcod results when
the mass or stiffness changes are small so that in turn, eigenvalue and eigenvector changes are small. A
graph of flutter speed versus important parameters can be produced in one minute on a modern comr uter.
Limitations of the method are discussed.

INTRODUCTION

Modern capabiiities in flutter analyses and subsonic and transonic wind tunnel flutter model techniques
are used in the mid-term design period to determine the optimum location of pylon mounted jet engines on
transports from a fiutter avoidance standpoint. The chordwise and spanwise locations of the propulsion
systems, and n2tural frequencies of their suspension systems, are selected to provide higher flutter
speeds and avoid valleys of low flutter speeds. Such action is possible for a select ¢ritical number of
"external stores” on fighters. towaver, this procedure is not possible for the vast number of externally
mounted stores or weapons, since many nther technical considerations force placement of stores on fighter
wings at positions which adverseiy affect flutter characteristics. Fighter f.utter speed placards on many
stores are frequently in the speed range near M = 0.8 and thereby restrict and constrain the speed-altitude
mission envelope which otherwise might be available to a field commander (Reference 1). Another adver.e
effect of the performance limiting placard is a noticeable reduction in survivability. Some relative
evaluations indicate that moderate increases (12-15%) in speed near M = 0.8 at low altitude can almost
double the swrvivability against anti-aircraft guns.

Another serious consideratiun for the engineer concerned with the prediction and prevention of flutter
of wings carrying external stores is tne poteniially overwhelming magnitude of different store combinations
that could be carried. It would not be unusual to be concerned with several thousand {10,000) realistic
cases .n analysis which are further evaluated and narrowed down by subsonic model tests to several hundred
more critical cases. These ca.es in turn are reduced further to the most c¢ritical which are investigated
by transonic-low supersonic speed model tests and additional final analyses. A limited number of
reprasentative stores exhibiting the main highlights are selected for flight flutter checkouts to sub-
stantiate safety and prove out the reliability of the process. Store inertia-flutter mode characteristic
similarities are sought out to reduce the number of individual store investigations. However, the process
is evtensive, time and labor consuming and expensive.

The above briefly summarizes the balanced analytical-flutter model approaches used by most of the US
contractors for wing-store flutter prediction and prevention. The spectrum of store loadings and flutter
critical store loadings can be reduced by early discussions with the Air Force engineering and procurement
agencies, the aircraft manufacturer and the using Air Force command. This includes a discussion of best
pylon and suspension for critical stores and store release sequences to minimize speed restrictions. The
dialogue should be maintained throughout the design and early life of the aircraft. This obvious type of
action must be given priority and contacts must be renewed to arrive at the store (mass-inertia) loading
spactrum possible on each oylon and rack.

Another essential aspe:t is a complete understanding of the physical-mathematical model for the subject
aircraft with stores ond tie cause for the flutter conditions as a tunction of the store variations.
Exploratory zero airspeed vibration and flutter calculations covering a reasonable part of the store mass-
inertia matrix are absolutely necessary to locate modes which could couple due to frequency proximity
(frequencies versus store parameter) and to obtain experience about the relative magnitudes of mass (or
elastic) couplings which induce the flutter causing wing twist and also the subsequent adverse aero-
dynamic couplings. Thess calculations will then shed light on the more critical conditions and further
calculations needed. They also can confirm or refute "rule of thumb" statements such as "locate heavy
stores in-board and forward", which could produce more critical conditions for some aircraft.

This introduction ends by summarizing the highlights of a brief but not encompassing review of some
literature on engineering ,rediction and prevention uf flutter of wings with stores. The overview includes
some recent comments by a few specialists and is given in the following Table I. One important new develop-
ment is the pctential use of active controls to suppress wing-store flutter (Reference 1). Comments on
recent United States Air force research on wing-store flutter analyses then follow in subsequent sections.
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TASLE I. COMMENTS ON THE WING-STORE FLUTTER PREDICTION PROCESS

10PIC COMMENTS REFERENCE

Computer Methods Most analyses are conducted with digital computers. 2
General Dynamics uses the Direct Analog Electric Analog Comsuter
also in a parametric approach to obtain flutter boundaries

rapidly and economically in terms of inertia versus weight for 3
various c.g. conditions and velocities 3

P RN TR L TeTpvr

LTV employed a data storage and search system to 3 .
evaluate different stores on the basis of inertial similarity.
A library stores wind tunnel and flight data. Decisions are N
based on the evaluating engineer's experience and the location :
of the store's characteristics within an acceptable inertial :
similarity field. 3

Inertia Characteris- HWeight and inertia can vary 18%. Variations should be 4 and 5
tics of Inert Bombs covered in analyses. Flutter speed could be very sensitive to
and drop sharply with a moderate change in bomb weight for
flutter modes involving rack bending. store pitch, ard wing
twist.

Fuselage Dynamics The fuselage is sometimes relatively stiff so coupling is Perscnal
not large. However, in some cases, fuselage frequencies are in Comment
the range of wing-store flutter frequencies. The effective wing
bending-to-torsion frequency ratio or root impedance is changed.
Also, fuselage defermations produce a wing angle of attack at
the root and cause aerodynamic coupling. This is very important
for low aspect ratio wings with long root chords and can pro-
duce fuselage induced wing pitch and wing bending flutter.
Active flutter control could be a good prevention approach in
such case. Detailed finite element methods are sometimes
necessary to predict fuselage and cary-through stiffness and
dynamics.

PR R T T T
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Pylon-Store Dynamics This is the prime cause of flutter through production

of mass coupling and adverse frequency ratios. Store motions
including pitch produce wing twisting and aerodynamic coupling.
Critical frequency ratios exist where bending type wing modes
coalesce with higher torsion mode. Pylon or rack modes change
effective critical wing berding torsion frequency ratios.

A A X~

asut

N A

Flutter modes can occur which seem to be mostly confined 6
to the stores. Modes are influenced by store aerodynamics and
the use of fins is beneficial for preventing flutter.

A good definition of the store-pylon dynamics including
wing connections is essential but can be complicated for higher
compiex rack modes. Ground vibration and stiffness tests and
analytical correlations are essential, but cause @ problem in
that test data cannot be obtained early for anaiyses and model
tests. Wing, pylon, fuselage and carry-through stiffness
coefficients can be approximated early by finite elementi models.

¥ as Kt o B Wanaee
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Cantilevered store-pylon tests can be conducted to 7
determine resonant frequencies and back-calcuiate influence 3 and 8 .
coefficients.

Proper dynamic simulation of tip missiles and launcher 7 :
rails through similar tests are required. Tip modal deflections :
are important for proper estimation of aerodynamic coupling.

Cantilever pylon-store tests, while useful, can be 7
influenced by too much flexibility in short wing section-sturdy
jig tests. Centerline pylon-store modes were develnped .
successfully from vibration tests with wing and fuselage on .
jacks, however. Pylon and rack stiffness characteristics can
be non-linear (buckling). Effactive fuel inertia characteris-
tics can be approximated by conducting tests on empty and
partially full fuel tanks and using the stiffness data determined
from the empty tank vibration tests.

Model Tests Both subsonic and transonic tests are employed generally 3,5,6,7,8,9,
with analyses for balanced approach. Lower frequency fuselage etc.

degrees of freedom are included as well as lower mode pylon or
rack-store freedoms.

SRR TR (s e A PR RS it o s a it eme s o s e AR N M P AN B e o wr L w iimal




TABLE I.
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T0PIC

COMMENTS

REFERENCE

Store Aerodynamics

Store Loadings

Spacial tanks or shells are used together with variable
or movable masses ‘o cover inertia-mass range of stores. This
may not be a sufficiently detailed reprasentation of bombs on
Multiple Ejection Racks. Perisho mentions that a shell model
with coarse variations of inertia did not produce acceptable
results. Use of fore ard aft tombs on model MER rack produces
mild store flutter &cde involving S shaped lateral bending -wcde
of rack. Bomb nose changes and bomb fins eliminate flutter.
Thus higher order rack modes and store dynamics can be importan*|

Following initial model program with extensive analysis to
define flutter modes which have gradual loss in damping and the
symmecry, LTV uses half-span symmetric model as main source of
flutter data. Full span tests showed flutter velocity is
extremely sensitive (+40% increase) to 10% (+5%) asymmetrical
(LH/RH) difference in pylon frequencies. Also, velocity is very
sensitive to small pylon c.g. (1/4 inch on aircraft) asymmetry.
Planform symmetry adjustments improve model behavior significant-
1y also, and provide some different results. Pylon dynamics are
critical and require accurate determination from stiffness and
ground vibration tests. TER flexibilities modeled from ground
vibration test results. Rigid TER tests are conservative
generally, but one long store model test without fin shows
unconservative results (no flucter on rigid TER). Flexible TER
model and flight tests confirm limited rack-store flutter. LTV
has probably now evaluated approximately 10,000 store combina~
tions for subject aircraft. Clean wing flutter speed well
above limit dive speed.

LTV later conducts half-span subsonic end larger transonic
model tests. Due to sensitivity of flutter to store rack
parameters, rack influence coefficients are obtained from rack
vibration data rather than stiffness tests. Pylon discrepancies
on previous smaller transonic model are eliminated. Low speed
and transonic model test results agree rather well with flight
data, although transonic model results indicate somewhat
conservative results.

Frequently, store aerodynamics are not included in analyses
and lowly damped modes are evaluated with some apprehension
pending test data. However, subsonic unsteady aerodynamic
methods now exist for reasonable approximation of pylon-store
aerodynamics. Effects are expected to be small in many cases.

Tip missile unsteady aerodynamics are difficult to predict
but are important. Flow separation effects at transonic speeds
could be important but are difficult to approximate Calcula-
tions for various wing mounted store and tip missiles do not
produce consistent results.

Some flutter modes occur which seem to be confined to
motion of stores and are influenced by store aerodynamics.
Use of fins is beneficial.

Interference was suspected between fuselage nacelle ducts
and inboard pylon-store. Flow~through-nacelle-duct might
change flutter speed of inboard pylon on transonic model and
therefore was employed. Proper simulation of fuselage-wing
cavity seals is important.

Individual pylon loadings do not produce independent
flutter effects. Frequency proximities, mass coupling and
aerodynamic coupling can produce widely varying results for
different airplanes

Some comments made by S. Schwartz for one aircraft are:

1. Careful attention is required for Vight tip stores with
heavy inboard stores. Results are sensitive to the centerline
store carried.

2. High flutter speeds result with heavy tip stores with
forward cg and with inboard stores.

3. Analyses are lzss likely to accurately predict tip
store and outboard store cases than other cases.

3 and 8

3and 8
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TABLE I. COMMENTS ON THE WING-STORE FLUTTER PREDICTION PROCESS (Cont'd)

TOPIC COMMENTS REFERENCE

4. Flutter speeds with all stores ioaded were most
difficult to predict but satisfactory *arget or placard speeds
could be established based on mission perfcrmance requirements
and lower store limitations and speeds.

Coupling with Control Heavy stores or moderate to light tip stores reduce the 1
System natural frequencies of the wing-store systen significantly so
that coupling with the natural frequencies of the control

system are possibie. Brock covers a static or mechanical
coupling problem. However, as is weil known, dynamic coupling
is possible and needs to be predicted and prevented. Aeroservo-
elastic prediction methods are available and are not discussed
here. A closely related and reverse problem to aeroservoelasti-
city is active flutter control where a high frequency SAS system 1
is used a priori to advantage.

THE FACES WING-STORE DIGITAL COMPUTER - CRT SYSTEM

Fast computer programs are required to reduce the cost and time of extensive analyses for very large
numbers of stores, to determine the more critical stores and their flutter speeds, and to reduce number
and costs of f° tter model tests and flight tests. One such research-development program was conducted
for the Air Force Flight Dynamics Laboratory (AFFDL) by Ferman et al., of the McDonnell Aircraft Company
and is reported fully in Reference 12 and summarized in Reference 13. Later figures are excerpts from
these documents.

In addition to the development of a fast flutter routine, the AFFDL considered that R&D was needed
for systematic accumulation and retrieval of the large quantities of data which were too great for one
or two individuals to recall and use from human memory. Furthermore, difficulties were frequently
caused by transfer of key flutter engineering personnel when the aircraft was in main use leading to
delays and difficulties in flutter decisions and considerable repeating of previous indoctrination and
training. Other R&D requirements specified by AFFUL were the development of an interpolation-extrapo-
lation procedure for new but similar stures and investigation of the potential of man-machine interfaces
using the cathode ray tube and associated controls. The data storage retrieval, diagnostic-interpolation-
extrapolation, and CRT control developments were of moderate score in view of the resource limitations.
However, they proved successful. The CRT aspect proved very valuable for a priority flutter prevention
study on a different problem for a new design.

The above requirements resulted in a computer system called FACES (Flutter of Aircraft with External
Stores). The procedures have been checked out and the computer program is being employed extensively
now by several USAF contractors and USAF organizations. Well over 5000 store configurations have been
recently invesiigated using this system for several aircraft. This program or system is outlined on
Figure 1.

The main characteristics of the Fast Flutter Routine are outlined in Table II. The wing simulation
is based on sectionalized chordwise rigid strips. This beam procedure has been found to be generally
adequate for f ghters. However, the program can also accept mode shapes ard frequencies from external
inputs in case chordwise deformations are present on lower aspect ratio wings. The incorporation of a
mini-finite element stiuctural analysis module is a future possibility. The Fast Flutter Routine (FFR)
can use subsonic strip, subsonic 1ifting surface, or supersonic piston theories. Other aerodynamic
information can be insertea from other external sources. Notice that the program can handle five pylons
per side. Each pylon is represented as a rigid body restrained at top and bottom with six degrees of
freedom, whereas each Multiple Ejection Rack (MER) has six degrees of freedom to represent three rigid
sections which are elastically connected.

Figure 2 shows the Data Storage and Retrieval System fiow. It accepts data internally from the Fast
Flutter Routine for the four modes with the lowest flutter speeds or from other external data, eithe-
theoretical or experimental. The data control is accomplished by KEYS which are groupings of five two-
digit words. The ten digit words code five physical properties. The number of words required increases
with the number of stores carried. If the key code matches, stored data information is listed as a
result of the retrieval request. Otherwise, DSRS can be used in a fuither process with diagnostic and
interpolation-extrapolation procedures describad next.

The Diagnostic Process (DIAPR) and the Calculation Interpolation Decision Procesc (CID) operate as a
combined process. Table III shows the sensitivity information used as engineerina reminders and for
aiding engineering evaluations. Sensitivity criteria are buiit into the program. If a new store satisfies
these criteria, then CID uses these stored data to estimate the similar but new store's flutter speed.
The user is notified regarding satisfaction »f acceptance or sensitivity criteria. Figure 3 is a carpet
type diagram and outlines a limited but succe.sful application of the data storage and retrieval system.
The various cases show that stored data are ret.ieved and listed when data matches exist. Two cases
show no data are retrieved (paths 4 or 6) if there is no parameter match. If no exact match results,
the combined DIAPR/CID module can be asked to delete a variable and perform a trend study. Three or —ore
matches from a trend study are required to estimate flutter speeds of new stores. Simple (parabolic)
curve fittings are used for estimates. Extrapolations are acceptable if the parameter is within 20% of
maximum or minimum values of the parametric stores data and if flutter velocity derivative data or
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acceptance criteria are within specified ranges (velocity-demping crossing is not too shallow or velocity
does not vary too ragidly with the parameter). The 260 knot estimated flutter speed at a pitch inertia
of 2 X 100 1b inches® and 600 1bs was extrapolated but was questioned by the acceptance criteria because
the pitch inertia of the store was well outside the 20% data range criterion.

INPUT DATA PROCEDURES DATA_QUTPUT

@SIC PIYSICAL DATA EAST FLUTTER ROUTINE VIBRATION
CALCHATED VIRRATI0H AHD
[ PR RMIN - 1S
EDETERMIAED PREDETERMINED VIBRATION \\~_!_E_EE§!E”"-

)

ATA STORAGE AND/ DATA STORAGE LiSTING OF
TRIEVAl SYSTEM BASIC DATA

AND RESU 4

ok

DATA THENDS
gy D mAr,nqsnc_J
PARAYETE
CALCULATION ESTIMATED
INTERPOLATION FLUTTER
DECISION SINILAR KEW
PROCESS STORES

FIGURE 1. BLOCK DIAGRAN FOR FACES DIGITAL COMPUTER PROGRAM

TABLE II: OUTLINC OF FAST FLUTTER ROUTINE CHARACTERISTICS

* CANTILEVER, SYMMETRIC, ANTISYMMETRIC

* 14 WING SECTIONS - SERIALLY KINKED ELASTIC AXIS

* STREATWISE MASS, ELASTIC AXIS MASS

* THO WING-ROOT FREEDOMS, STIFFNESS OR INFLUENCE COEFFICIENTS
* WING EI AND GJ STIFFNESS OR INFLUENCE COEFFICIENTS

FIVE PYLONS PER SIDE - - MER, TER, SINGLE STORES

5 FREEDOF™, SPRINGS, INFLUENCE COEFFICIENTS FOR EACH PYLON
* 6 FREEDOMS, SPRINGS, INFLUENCE COEFFiCIENTS FOR EACH MER RACK
* SAVE WING MASS, STIFFNESS, EFFECTIVE MASS

* STRIP THEORY, LIFTING SURFACE AND STORE AERO, PISTON THEORY

MULTICASE OPTIONS: (FLUTTER)
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i

FIGURE 2. DATA RETRIEVAL FLOH
TABLE 111. DESCRIPTION OF DIAGNOSTIC PARAMETERS
YMBOL NAME FUNCTION
(Ydy | WININOW FLUTTER  [TO ESTABLISH THE MINIMUN FLUTTER SPEED
SPEED SPEED FROM A FLUTTER SPEED TREND VS A
PARAMFTER
(Ve)R | REQUIRED FLUTTER :
SPEED USED TO ESTABLISH FLUTTER CLEARAWCE
(Vo)y | ASYFDTOTIC FLUTTER  |TO ESTABLISH THE FLUTTER SPEED ASYRPTOTE
P | ASYMPTOTIC < TO ESTABLISH THE PARAMETER VALUE
p WHERE oV/ag>=
8/s6 | FLUTTER SENSITIVITY [TO ESTABLISH FLUTTER SPEED GRADIENT WITH
DAMPING
(eV/e)* | FLUTTER GRADIENT |10 ESTABLISH FLUTTER SPEED GRADIENT WITH
CHANGES IN A PARAMETER
F FLUTTER CLEARANCE | T0 ESTABLISH FLUTTER SPEED CLEARANCE IN
FACTOR PERCENT, EQUALS
[V - (Vpp)  <100)/(Vp)g
ACT ACCEPTANCE CRITERIA | EVALUATES FLUTTER SENSITIVITY BEHAVIOR AND
ESTIMATED FLUTTER
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One version of FACES is coupled to a cathode ray tube system to increase interface between engineer and
the computer, control computations, accomplish rapid variations of parameters, display results and
accelerate turn-around time ¢nd engineering decisions. Flutter data from the CRT mode of operation are
incorporated into the storage system.

the CRT system can display a list of natural frequencies and as shown in Figure 4, also display mode
shape information. Such data should be valuable in indicating the likelihood of flutter due to proximity
of frequencies of important modes and the amount of response coupling oetween wing-pylon-store components
wn a mode as well as the amount of relative wing twisting. The latter could be an indication of aero-
dynamic coupling. The CRT user options are: Display figenvectors, Display Deflections, Plot Deflections,
Change Input Matrix Data, Change MtR Rack Configuration, Redisplay Frequencies, Rerun Vibration, and Vibra-
tion Analysis Complete. The program also displays flutier mode crossing in terms of mode number, flutter
speed and frequency. Damping versus velocity and frequency versus velocity trends are displayed. Root
sorting 15 employed to track modes. These capabilities are shown in Figure 5 which also simulates an actual
application case. Figure 6 shows a simulation of an actual display of data retrieval, flutter speed estimates
and diagnostic information. The acceptance criteria reject the estimates because the required flutter
speed 1s too close to the minimum flutter speed for the parameter. Also, the astimated flutter speed could
be adversely affected by damping uncertainty caused by a shallow g-V curve. Figure 7 shows some comparisons
of FACES data with data from other methods and the trend of flutter speed with bomb ejection sequence.
However, 1t could be an illustration of a future capability in machine/flutter engineer interaction and fast
flutter evaluations.

As previously mentioned, the wing-store ilutter analysis system called FACCS has been checked out by
many comparisons with results from other computer programs. It is in extensive use today at several
industrial firms and US Government organizations, and is an extremely valuable tool for screening many
store combinations to determine satisfactory or critical store combinutions. The time and cost savings of
the FACES program have been evaluated relative to a similar method. The same engineering skill ind wing
finite section approach was used to provide a fair comparison. Figure 8 shows that a 2 to 1 reduction in
costs and core occupancy in favor of FACES results when carrying two stores per side. The advantage increases
to 3 to 1 for four stores per side. Other special purpose programs could, of course, reduce the advantage.

Future improvements could include a mini-finite element structural analysis method for wing, wing root,
pylon and rack. Any fast finite element structural model should avoid extreme detail in favor of speed.
Other future possibilities are incorporation of low supersonic Mach number aerodynanics; improved pro-
cedures in data storage-retrieval, diagnosis, and interpolation and extrapolation; incorporation of pitch
inertia-mass carpet plot capability (displaying points or contours of constant velocity in the inertia-
mass plane); a multi-surface fit for estimating flutter char “eristics for new stores in lieu of a curve
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fit; and displ_ay of plots of store deflections relative to the wing on the CRT. More applications of data
storage, retrieval, new store flutter evaluations and the CRT capability are certainly needed and some

will be performed by AFFDL

STORE STATION
MODE = § 1 2 J0DE NUMBER
FREQ = 7.85 HZ 0.14978E 00  0.13965€ 00 FREQUENCY PYLON 11 PYLON 82
~0.48755E~01  ~0.22452E 00 DATA DATA
-0.60501E 00  0.23347€ M1
BENDING ~0,79944E-01 0.12719E 00
1.0 0.96630E-01  0.23931€ 00
0.12236E 00  ~0.16847E-01 BENDING SINGLE MER
STORE FORWARD
0.0 0.71736E 00  0.61567E-01 MODE STORES
0.27683E GO  ~0.90223E-01
-1.0 0.0 Lo ~0-10701E 01  0,33545€ 01
. *Y  ~0.79944E-01  ~0,27486E 00
0.37456E 00 ~0.23827E 00 MER
TORSION 0.12236E 00 ~0.16847E-01 AFT
1.0 STORES
. ~0.28516E 00
~0.47790E 00 TORSION
0.0 [TYsTTOTT ~0.37129E 00 MODE NOTE: THE FIGURE DISPLAYS
~0.33551€ 00 DISPLACEMENTS IN THE
-1.0 o & 10 ~0.11142€ 01 FOLLOWING ORDER FOR
Y Lneer e 0.12330E 00 THE ABOVE COMPONENTS
X TRANSLAT
LREF = 174,25 IN REFERENCE LENGTH Y TRANSLAT{SS
H/A = 0,13C1882E 02 RATIO OF BENDING/TORSION Z TRANSLATION
H = -0.1486250E 02 MAX BENDING DEFLECTION ROLL
RETURN PITCH
— YA

FIGURE 4, CRT GRAPHICS VIBRATION DATA FOR FIGHTER WITH STORES ON TWO PYLONS PER SIDE

KEY 1 DEFINITIONS ON - OFF

END OF PAGE, TO CONTINUE PRESS KEY 1
SUMMARY OF FLUTTER CROSSING AT G = 0.0
MODE CODE NC CROSSING 1 CROSSING 2 CROSSING 3
1 STABLE 0
2 UNSTABLE 1 900.0/ .42
3 STABLE 0
4 STABLE 0
5 STABLE 0
6 STABLE 0
7 STABLE 0
8 STABLE 0
9 STABLE 0
10 STABLE 0
11 UNSTABLE 1 1328,3/ 11,45
12 STABLE 0
SUMMARY OF FLUTTER CROSSING AT G = 0.02
MODE CODE NC CROSSING 1  CROSSING 2 CROSSING 3
1 STABLE 0
2 STABLE 0
3 STABLE 0
4 STABLE 0

KEY 2 DISPLAY FLUTTER CROSSING
KEY 3 DISPLAY V G PLOTS

KEY & OMIT  ELASTIC MATRIX
KEY 5 COMPUTE USING NEW DATA
KEY 6 CONTINUE TO NEXT CASE
KEY 7 RETURN EXECUTICN TO F050

VELQCITY VS, DAMPING VELOCITY VS. FREQUENCY

0,3E-01 2 11 0.2€ 02
5 —* d
! —|
"5
=3
10 ._lz
~0,1E 00 & 0.0
0.0 9,2E 04 0,0 0.2E O
ELAS CODE

4,030 4,303 4,539 4,582 7.851 10,468 11,006
11,269 11.379 18,344 20.989 21.467

LIGHT PEN DETECT ENABLES CHANGE TO E MATRIX

PN R T STEE PRGN T Y

FIGURE 5. CRT GRAPHICS FLUTTER DATA FOR FIGHTER WITH STORES .ON TWO PYLONS PER SIDE
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C.11300E 04 THECRETICAL QLRVE NO. 5 INFORVATION
RETRIEVED DATA
SPEED ZETA oviDG FREQ

595.0 0.10000E 02 100000.0 E£.5700

495.0 0.50000¢ 02 100000.0 E.5029

502.0 0.100002 03 100000.0 8.500%

530.0 0.150C0Z 03 100000.0 8.5000

535.0 0.170)0€ 03 100000.0 8.5000

HORIZONTAL ASUMPTOTE V = 595.00 ZETA = 0.1000E 02
NO VERTICAL ASYMPTOTE

MINIMM FLUITER SPEED = 480.0 CORRESPONDING VALWE DV/DG
99999.5 ZETA = 0.72614E 02
DIAGNOSICS FOR REQUESTED ZETA = 0.20000E 03

0.49500E 03 ESTIMATED FLUTTER SPEED =  535.9

0.100000E 02 0.17000E 03 FSTIMATED OV/DG = 100000.0
CURVES 1,2,3,4 EXPERIMENTAL DATA  CWRVES §,6,7,8 REQUIRED FLUTTER SPEED = 550.0
THEORETICAL DATA FLUTTER CLEARANCE FACT = -2.57

ZETA V.S. VELOCITY THIS CURVE FAILED SERSITIVITY CRITERIA
KEY 1 - RETURN FOR NEXT CASE 0/DG.GE.2500.0, FIXED ZETA, ~1 PERCENTY.FE.FC.LE10
KEY 2 - OBTAIN ZETA TRENDS PERCENT
KEY 3 - DISPLAY DATA POINTS AND DIAGNOSTICS FOR FEY 1 - RETURN FOR NEXT CASE
ZETA CURVES KEY 2 - OBTAIN ZETA TRENDS
KEY & - REDISPLAY DIAGNOSTIC KEY 3 - DISPLAY DATA POINTS AND DIAGNOSTICS FOR ZETA
CURVES

KEY 4 - REDISPLAY PLOT

Lot 0 ISP e, b DI

SO BT

FIGURE 6. DISPLAY OF CRT DATA STORAGE-RETRIEVAL. AND CALCULATION INTERPOLATION DECISION
PROCESS
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FIGURE 7. FLUTTER SPEED FOR BOMB EJECTION SEQUENCE FROM ONE
AIRCRA-T PYLON
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FIGURE 8, TIME AND COST COMPARISON GENERAL FLUTTER PROGRAM AND FACES

THE PERTURBATION METHOD

Another approach which could expedite the fluiter analyses of wings which carry many store combinations
is the perturbation method. The potential of this method for dynamic analyses has been discussed by van de
Vooren, Scrbin, Flax, and Siegel and Andrew (References 14 to 19). Cases exist where changes to planform,
inertia, or stiffness parameters are sufficiently small so that corresponding changes in the flutter and
vibration eigenvalues and eigenvectors are also small. Then the new values can be approximated through
perturbation methods using a considerable amount of the previous data and approximating the increments with-
out eigenvalue extractions. This can be accomplished with considerabily less work and cost.

At the request of AFFDL, Cross and Albano of the Northrop Corporation, developed a tnird ordev perturba-
tion method for predicting the vibration and flutter characteristics of aircraft with wing stores (Reference
20). It simulates the free flight condition and accounts for rigid body freedoms. Perturbation flutter
analyses are made only if the zero airspeed vibration modes have converged. Second order terms for the
eigenvectors are used in the perturbation vibration and flutter analyses to estimate effects of moderate
changes in parameters. The third order flutter eigenvalue term is used to evaluate convergence. The
perturbation method developed was applied to eight series of wing-store combinations having 63 elastic
degrees of freedom and 3 ~igid body freedoms for each symmetry. Up to four underwing stores per side were
used in some applications having 24 store-pylon degrees of freedom.

Some of the results obtained by Cross and Albano will now be presented and discussea. For many cases
there was very lit'le difference between results from exact {classical) methods and those from the perturha-
tion method. However, in some cases involving larger perturbations or complications cue to proximity of
modes, the perturbation method did not give converged results.

Results for variations in the chordwise location of a tip missile are shown in Figure 9. The
perturbation method results are in excellent agreement with corresponding data from classical methods.
For the minus 20% chordwise location of the tip missile cg there is a switch in flutter mode compared to
the basic 0% chrdwise case. Figure 10 shows the g-V curves for both cases and the mode switch. Both modes
are well predicted using the same basic case as a start. Use of more modes (12 in lieu of 9) improves the
agreement.

Figure 11 shows another good agreement between methods for the case of tip missile inertia variation
(for different missiles) and when an outboard store is carried. Similar good agrecment is obtained for
variable tip store pitch inertia while carrying an inboard store.

Coupling between inboard and outboard stores can produce clo.e proximity of baseline frequencies and a

Tach of convergence in the perturbation techniques. Smaller perturbations could obtain better trends.
Figure 12 shows non-conserged results when baseline vibration frequencies have 3% separation. The 160
slug-ft2 pitch inertia symmetric perturbation case compares well with data from conventional procedires.
However, there is a rapid rise in flutter speed on each side of the basic case. The lack of convergence
indicates a steep gradient. The antisymmetric case gives somewhat better results but agreement is handi-
capped by changing conditions near a pitch inertia of 110-120 slug-ftc. However, flutter velocities are
extremely high and well above practical values.
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SYMMETR:C FLUTTER
O EXACT PERTURBATION
METHOD
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FIGURE 9.  COMPARISON OF RESULTS FOR TIP STORE CENTER OF GRAVITY
VARIATION
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FIGURE 11. COMPARISON OF RESULTS FOR VARIABLE TIP STORE
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FIGURE 12, COMPARISON OF RESULTS FOR CONDITION WITH TIP, OUTBOARD, INEOARD
AND CENTERLINE STORES.
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In connection with the above series of calculations, one perturbation proceeded from a 2000 pound bomb
at the centerline to a full tank at the centerline with the same weight but with 2.4 times the pitch inertia.
This produced a lower frequency mode differing radically from those baseline modes with the centerline
bocb. Hot unsurprisingly, the perturbation method produced nonconverged results.

Figure 12 shows relatively good agreement for the case of tip missile with outboard store. The anti-
sysmetric mode 8 is reasonably well predicted ana needs to be located to assure high flutter speeds since
it is violent. The higher pitch inertia conditions probably produced perturbations which were too large.
Improvements are expscted with smaller perturbations.

Figure 14 shows the difficulties encountered when two symmetric modes, the fourth and fifth, are within
1.4% in frequeacy so that convergence is poor. Furthermore, these modes coalesce, possibly switch and are
lightly damped, adding to the difficulty. Mode 3 diverges more rapidly and is better predicted. The anti-
symetric modes are well separated (5%) in frequency. An agreement between perturbed and exact results is
generally excellent except for the 100% pitch inertia change. Flutter speeds are very high.

SYMMETRIC FLUTTER

— 127 2CPSY EXACT
< r murcps/, /@ {27 0 CPSI PERT
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2600 (5ERT WODE 7 vote 8
?
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Y ) H
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g 1800 ‘ —— )
S ! | Sor
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1000 ' D NOT
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mooe2 | gy |
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Neh”" 61 €93)
o Qe ||
2 30 40 50 60 OUTBOARD PYLON STORE

PITCH INERTIA - SLUG FT

FIGWRE 13. COMPARISON OF RESULTS FOR TIP MISSILE AND VARIABLE QOUTBOARD STORE

The following conclusions are drawn:

a. 4nen the changes in parameters are small so that eigenvalues and eigenvector changes in turn
are small, the perturbation technique yields reliable results.

b. A 90% savings in execution time i¢ possible.

c. The perturbation method is very effective in screening and locating critical cases. It can
also be employed to determine best pylon-store dynamic characteristics (suspension tuning).

d. A complete flutter trend versus a controlling parameter (Figure 9) can be obtained in one
minute using a modern computer and could be displayed on a cathode ray tube for quick engineering decisions.

e. Difficulties are caused in convergence when:

(1) A flutter velocity-frequency curve crosses another mode and flutter mode dampings are
low.

(2) A new lower and radically different mode is introduced by a large perturbation.

(3) The baseline frequencies are in close proximity.
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FIGURE 14. COMPARISOIN OF RESULTS FOR TIP MISSILE WITH VARIABLE INBOARD STORE

f. Smaller perturbations, more modes and more reduced frequencies could alleviate some of the
above probless.

g. The perturbation method can be a useful and economical tool for flutter analyses involving
changing parameters or determining optimum designs.
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