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14. Abibat

This paper was presented during the 42nd Meeting of the Structures and Materials Panel in

Ottawa in April 1976. 3

It deals with a serious difficulty in unsteady aerodynamics, that is the prediction tf tb,.
pressure field induced by the rotation of a control surface. Much work has already been
done on this subject in subsonic flow, but this is one of the first approaches to the super-
sonic problem. Predictions have been made by two methods developed separately by BAC
and MBB. They have been compared with windtunnel tests made at NLR us;ng more than
80 pressure tubes. Pressure distributions, hinge moments and lift have been measured for
different sections of the wing. As the two theories that have been used are linearised. the
agreement between theory and experiments is not perfect but appears to be adequate for
flutter speed prediction.
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PREFACE

This paper by Lodge .ind Schnie was presented to the Sub.Committee oil Aero-
elasticity and Unsteady Aerodynamics on 5 April 1976 during the 42nd Meeting of the
Structures and MateriaP, Panel in Ottawa.

It deals vsith one of the m,,st serious dihiiculties in unsteady aerodynamics. that is
the prediction of the pressure field incuc.:d b) the rotation of a control surface. Much
work has already been done on this, ajbj'ct in stbsonic flow but tbis publication presents
one of the first approaches to thL supersonic nroblem.

Predictions have been made by two distinct melhods developed separately by BAC
and MOB. They have been compared with windtunnel tests made at NLR using more
th;n 80 pressure tubes. Pressure distributions, hinge moments and lift have been measured

TV for different sections of the wing.

As the 'Wo theories that have been used are linearised. the agreemrt between theory
and experiment is not perfect but appears to be adequate for flutter specd rixdiction.

1Tis paper is of great interest to the acroelasticians of the NATO community an-!
will %elp both flutter prediction and active control design.
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Unstsady Pressures due to Control Surface

kotation at Low Supersonic Speeds -

Comparison betwee Tteory and Expiprinent

C.G. Lodge K. Schmid
British Aircraft Corporation Limitec Messerschmitt-Solkow-Blohn GmbH

Military Aircraft Division Unternehmensbereich Fsigzeuge
Warton Aerodrome a. Munchen 8
Preston P34 lAX Postfach 801160

Lancashire rederal Republic u; Germany

United Kingdom

Summary:

Most aircraft flutter probleab have featured control surfaces, and It is necessary that

ansteady aerodynamic forces generated by their nations should be accurately predicted.
Therefore. theoretical and experimental studies on a planform with part-span control
surface oscillating in the control surface rotation mode at low supersonic Mach numbers
hsve been effected ann the results of these are presented and discussed. It is shown
that these studies must be of a high accuracy so that the more critical aerodynamic
coefficients, such as hinge moment damping, might be determined with confidence.

11. NOTkTION

Symbols

C(Y) local chord oZ aerofoil (Including control surface)

c aean chord

f frequency

I ~Mach number

p pressure

a semi-span

V :ree-stream velocity

non-dimensional apwas anplitude

Z.y~z non-disonsions1 rectnngulai- co-ord'nates referred to 9

density of air

n, -dimensional ap!ttude of velocity potentiol

Subscripts

h.1, hinge line

1.e. leading edge

t.e. trailing Gdge

r. rudder

l.*. loser zurface

u.s. vppqr surface

Definitions

k = t educed frequency parameter

q, stagnation pressure

R2 (z j
2 

. 2(y.)- 82 z' hyparbolic distance

LC " Ap/q. &Cp -i 4CP"

- 2rf Itr ,ar frequency



t t dx q c(y).c sectioual lift
Kl p I(positive upwards)
Xh.l.

h(y) 22  1 A (X-X dx a C(y)2 sectional hinge moent
yhl = " (positive nose downwards)

x
a i.e. total lift

L f f A dx dy q c S.CL (positive upwards)
0
yOx

Yr. x1.e. = total hinge moment

* s3 f I Ap (x-xh 1 d dy q2 1. (poaltive nose downwards)

h.l.

2. INTRODUCTION

The accurac, of the control surface unsteady aerodynamics is ,.rticularly important
on modaea combat Aircraft at low supersonic Narh number/high frequeucy parameter
combinations.

!n order to assess the accuracy of current theories for control surfa.e untendv
aerodynamics, a nomlnell) rigid model has been designed, built and tested at NLR.
Amsterdam. at Mach numbers up to 1.3 and reduced frequency parfmeters, based on so
span. up to 1.6. UnsteIy pressure distributions induced over the main and c.ntrol
surfaces by rotntional control surface oscillations haio been measured and compared with
predictions. Since dynr tally scaled control surface ikode~s can involve a combination

of rigid rotation and torson, which both enerate bnslcmlly similar unsteady aerodynamic
effects. model data ft a itation mcde car b, ,sed to quantify t ie accuracy of flutter
calcolations ovosving the -eal aircraft vitration modes.

Predicted ad measured results are preres.ted here for N = 1.1. 1.3. and values of
k from 0.7 up to 1.4.

3. AODEL DLTAILS

The model under consideration is a swept main vurface wtth part-span control surface.
of aspect rrtio 2.0. as described n :Igure Ia. lip profile is symmetric with a maximum
thl.kness to chord ratio of 5.5. wpn between .Ae main and control surfaces have been
kept down to the order of 0.1 am.

In the model construction. both in and control surfaces were made as stiff as
posstble, to minimlse any vibration z.-'o effects. rte main surface is of steel and tne

control sui fac.' o' D j"al. tc reduce the Inprtia forceA.

Results were obtained from measurements at pressure holes *.t sed along 3 strear.-
wise stations (Figure Ia) These are nore closely spaced neor fne hts-e lIn, and th."

contrr! Rurfnce tip.

During the model desijn stagy. research work References I and 2) revealed
InadequAcies in the calibration factors hitherto applied by NLR to the 3easured
pressures, to account for tube system dynamics witn wind-on. Therefore. special
measures were takea during tres model tests, to establish the cor-ect calinration.
by installing some airect measuring pressure transducr . (Refereoce 3).

In addition. accelerometers were Installed to detergino the tr.je %odel ribrstlon
mode during oscillatory contro! surface excitation.

4. *IND TUNNEL tESTS

Under contract wIth H.A.C.. Wartob. oscillatory pressur. measursements were made on
the model described above in the ligh Seed Tunnel at the NLI. Amsterdam In this
closed circuit tunnel. with a rectangular test-sectlon of 2.00 metres wide by
1.60 metres high, the values of the Reynolds number, based on scan chord varied within

the rngne of 3.5 x 10i and 4.7 x 10' (Fzgur2 Ib).

The model wa3 mounted *nto the tunnel wall. with the main surface rigidly clamped.

The control surface excitaton equipment was outside the tunnel wall Further tests

exhibited that the repeatability of the results was within 10.. The boundary layer
transition was fixed by Installing strips of carborundum grain@ oi nominal size 74. on
both sidus of the model. These strips were placed forward of the region of shock onset

(Reference 4).



5. AERODYNAMIC THEORIES

5.1 Outilres of B.A.C. Method

The supereonic lifting surface theory of Sadler and Allen (Reference 5) Is a
linearised theory solving the doublet based Integral equation. This Involves the
solving of an integral equation which relates the down-wash at any given point cc,
the . ',turbatlon velocity potential.

Integration has to be performed over that portion of the wing and the wing wake
lylnig in the Mach fore-cone of that point. As the potential ts zero forward of the
plz:orm leading edge and outside the wing wake. the Intwgrations requirp less
storage and are speedier than those of the more popular integrated downwash methods.

The baoic integral equation is:-

V(X.y) Z-o :(.n) K(x-C.y-n) dn (1)Mach

fore-cone

I IHI-kx rMk R1 I

where. K(X,y) - C ixg- - Cos - - (2)

toarscter:Atic co-ordinateS t .nd Z. with their origin at the pivotal point
ithe point at ihich the potential is being calculated) and their axzs parallel to
the two forward pointing Mach Itnes. are Intro..-ced. the lines of integer 6 and !
forming a characteristic mec tfigure 2).

By splitting the above equation into its real and imaginary parts, and 4asuming
certain variations of the real and imaginary parts of : along lines of constant
and -. known functions of the upwaes w at the pivotal point &re founa as weighted
sums of the potentials at the mesh points, from rhich the potential at the pivotal
point can Pe determined.

When the trailing edge is subsonic, the pttentlal over the wake region is needed
and this may be calculated from the condition that no toad can be sustained across
.1e wake. Thus we find.-

wake xp(-ik(xa -a ) (3):Wake t.e. wake xt.e.

Where a box is cut by the leading edgc. sperial weighting has to be introduced
for that particular box. to prevent auy leading edge inaccuracies.

The integral equation ta slved In s "'marching" technique such that every
potential in the pivotal -.oints forward pointing Mach cone is known. Thus. the
potentials at every mesh point cab be calculated *C and the aerodynamic work
matrices are then derivid from these potentials.

As programmed this theory cannot deal with the singularity associated with the
control surface hinge line incidence discontinuity. Tnis problem has been overcome
b) treating the whole planfora as a single surface and smoothing out the hinge line
discontinuity by a cubic interpolation.

5 2 Outliv~es of MB B Theory

The unsteady program used by X S.D. i an extension of the characteristic box
method first proposed by V J E Stark (Reference 6) 7he assumed small perturbation
of the flow field Implies a lull linearisation of the potential equation The
procedure was amended and programmed by C Rohn (Reference 7) and H Schmid
(Reference 8) Primarily. the velocity potential of the harmonically var)lng flow
is evaluated by scans of a source distribution The basic equation reads as follows -

11 1w(x'.y ) K(x-x .y-y'.M.k) da'dy' (4)

fore-cone

The equation relates the velocity potential to the normal velocity w. K
repr-sents the contribution to the potential of a harmonically pulsating unit
source and is defined in Eq (2)

The integration reglon is ligited by the Mach fore-cone eaunating from the
collocation .,lnt and by the Mach rays. emanating from the wing r control surface
apex Withit this region. w 1 0 generally (figure 1)



The surface inegral taken over Mach fore-cone Is su..divided by the program

Into a number of surface Integrals over rhombic or characteristic boxes, the edges
of which are parallel to the Mach lines of the fore - and aft cones. respecttvely.
Within each box, the downwash distribution w Is assumed to be constant.

If tine planform has a subsovic leading or trailing edge, or streameise parallel
side edges, then the concept of diaphragms according to Evvard is introduced into
the V.3.3. procedure.

Whereas the source distribution or normal velocity distribution on the lifting

surfaco is known, the source dIs.ribution placed on the dispbiags is unknown and
has to be determined first by a step-by-step procedure

The aithod Is app:icable for wings with 4rbitr.ry subsonic leading or trailing
edges and for wings with control surfaces. In thr case of a subnonic leading edge.
the upwash field of boxes cut by and lying In front of the leadi': edge are presumed
to have a square Foot singularity.

The formulation of preat M.3.B. lifting surface theory primarily supplies
the velocity potential values Sectional or total loads are easily derived from
those values by applying partial Integration techniques

If the calculation of pressure coefficient. Is santied. this can be achieved by

using the formula.-

' u401 - lk:)C)
;9 x

This means lho% a numerically-given function ham to be dIfferen latv.d For
this resason. the f;:nction must be smoothed first Caution is demanded where the
potenttal offeraI htick. I.e. where the function cannot be differentiated.

6. DISCUSSION OF RESULTS

6.1 Comparison of Pressure Vistrit-utions

Theory and experiment were compa.'ed for four streaswise stations, namely
stations 1, 3. 5 and 6 (figures 3. 4. 5. 6?. The two theories agree well both In
their real and imaginary Parts At M - 1 3. the B A C theory predicts pressures
forward of the nearl) tonic hinge line, this being due to the *smoothing technique
used In computing preasurev from control surface modes Although iz all cases.
both 5opersonic theo~ies predict pressure maxims In the proxisit) of the control
surface hinge line, the maxima obtained from wind tunnel tests are, in gen. al.
such greater This Is probably due to the fact that neither theory accounts for
the pressure inguiarity in the case of a subsonic hinge line (.n all cases, the
hinge line is subsonic) Along station 6. there occur the greatest deiiat ions
between *eat and theory, with a ahif. of the test press ire maximum aft

In somo test measurements (e.6 stations 3 and b. figure 6). there Lppears a
secondary maximum of pressure, smaller and aft of the hinge line peak
This is perhaps evidence of shocks, which are not considered b% either
theor).

6 2 Conptriaon of -Loc-alLif-t and XMoment DIstributions

Ir. figure 7. lora1 lift and moment derivatilies plotted versus span are shown
The parameters are X 1 I1 and f 145 Hz corresponding to k -0 80

The supersonic theories agree fairi) well, but the comparison between theor)
and experiment does not show satistactor) correlation In All cases.i espeCIAlli for
the out-of-phase derivatives Tse centre of pressure is further outboard In the
teats than predicted by theor) and, when tnoson effects are preatnt in An aircraft
flutter analysis, this could possibly lear. to larger de~lat..n.

Ftgure 8 presents sectional lift and moment distributions for U I I and

f - 260 Hz cirresponding to k 1 40

tn tniv case, there is good agreement between the tao theories But both
predictionr overestimate the reel parts of lift and hinge moment at the inboard
stations and underestimate them near the outboird control si.ue edge for the
isaginar) parts of lift and moment, there are considerable deiistions rsp'Clill
outboard

The data for R - 1 3 and f ,148 Rz. corresponding te k - 0 70. are givers in
figure 9 with this parameter -onfigurat ion, we have deiiating predicilons for the
local lift distribution wherea~s H It 8 and Rt A C prediction* for the local hinge
moment distribution agree well

wej



The experimental c " distribution is well predicted by B.A.C. theory whereas the
distribution c l - is well predicted by M.B.D. The in-phase hige moment Is over-
estimated in all cases. The out-of-pb&se moment coefficients are in good agreement
with test Valuob

Figure 10 presents data for M - 1.3, 1 * 260 Hi and k - 1.24. As In the p.evious
graph, the agreement of the experimental spanwise lift with theory depenas or. the
procedure considered. For the Imaginary coefficients of c€ and ch. we ian observe

minor differences at the inboard stations and greater discrepancies at the outboard
station

It sooms a featura of the sectional lift that theory Is greater than test ncar
the root chord and vice-versa at the tip. If the planftrs Is not mirrored exactly

which is probable, due to the presence of a boundary layer near to the tunnel wall.

then there will be differences In results between test nd theory, becoming less

significant as the planfors tip is approached. since the %heories both assume a

=perfect mirror image. On station I. it can therefore be expected that theory will
produce results of larger magnitude than tost, and this is shown to be so at least

for real parts. Imaginary parts of local derivatives are. unfortunately, much
harder to predict conslstently. This is fundamentally due to their being the

difference between two relatively large opposing effects.

6.3 Comparison of Total Lift and Total Kinge Home. Coefficients

Figures It. 12. 13 present the variation of the total lift and total hinge
sobent coefficient with reduced frequency. Correlation between the results from

both theoretical methods is good. This is not contradictory to the results obtained

from comparisons of local loads. since sectional over-estimations and under-
estimations will partially cancel each other when Integrated to obtain total

coerflcients.

The theoretical values of lift and hinge moment are greater in magnitude thsj
those of experiment, and for both Cs" and CH'. the trends with k and H are corrrctly

represented Again. it is found that the inaginarl parts are much mort difficult to

predict cons stently. C H - is particularly critical since it should be kept positive.

to avoid one degree of freedom flutter. It can be seen from figures 11-13 that this

Is so for all cases considered

In this case. increasing k is favourable and increasing H is unfavourable. bo.h

these effects being pre.oicted.

7 CONCLUSIONS

both theories in this report are linearlsed and purely supersonic, whereas the tru'
flow is mixed. *specially at the lower Mach number. The Stark theory tends to prod- e

nigher pressure magnitudes than Sa ler-Allen. and a better correlation with test results

This lv presumably due to the different hinge line treatments. In terms of overall

forces, however, the two theories. one being an Integrated doereash method. the other in

irtegeated potential method, are in good agreement

In the context of aircraft flutter analysis, therefore, the differences between these

two theoretical treatments are not very significant In general. trends demonstrated oy

experiment are followed reasonably by both theories, but it is of greLt importance that
both theoretical and experimental studies are of very high accuracy, so that control

surface flutter statu. can be established with confidence at low supersenic conditions
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