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&1, Introductory Remarks

4 considerable amount of theoretical work has been done on
the problem of the oscillating wing in supersonic flow, bub,
unfortunatoly, most thoories are rustricted $o low velues of the
frequency peramcter end to rigsid wings describing simple pitching
and vertical translational cscilletions. From the flubter point
of view much more 1nformation is regquired, Theorics valid to first
order only in the frequency arc likely to be inadequatec cxcept
possibly for guided veapons, Since elso wing bending end tiisting
nust be token inbto account present theory is of little use for wings
with subsonic leading edges (Fig., 14). In the casc of purcly
supcrsonie flow, such as that shown in Fig. 1B, the deczvotives
corrceaponding to any genceral mode of distortion can be calculated
exactly (subject to the limitations of lancerized theory) es in
Refs, 5 and 6, while for wings of the type shown in Fig. 16 the
purcly supcrsonic region (Regron I) can be dealt with as type B,
but the mixed supcrsonic region {Region II) 1s more difficult to
treat exoep?sfor simple plen forms snd modes of oscillation.

Sce Watking'©+17 and Acum®.

In most of the theories the assumption is made thot the
wing 18 of amell thickness but measurements mode at the National
Physical Laboratory of the pitching moment of o two-dimensional
THo~thick biconvex aerofoil oscilleting at iupermonic speeds
(Ref. 39) ond the theorcticel work of Jones 2208 suz.ast thet
thickncss has & considerable cffect even for 5Sp~thick wings,

It remainsg to be scen whether such effects will alsou be Luportant
in three dimensions. 48 yet no measurements of derivotives on
wings of finite aspect ratio have been madc,

48 far as numorical theoretical derivatives arc concerned
severpl sets of tebles exust for the two-dinensional case
(scc 82 below) but the only tables covering the flubtor renge of
frequency porgmeter for o three-dimcnsional wing app0§¥ to be those
given by scum” {Teble 1 of the report) ond Tang-Yi Li?' for tho
rectongular wing.

Some of the earliﬁg papors .on the suB?ect, not rgforred
2

to later, are duc to Possio™, Hdnl46, Schwarz Borbely™, Toddﬁg
and Collor-Y,

82/



-2 -

§2. Two=dimensional Theory and Zxperainent

The linearized theory of thin two~dunaensional aings
oscillating in a Supersonic stream without change of shape except
posgibly, for movement of allerans hes becn considered by Teuple
and Jahn , Garrick end Rubinow™, and others, and mey be considcred
as feirly camplete, Other motions, ¢.g., those of a distorting
two~dinensional wing, could be treoted by this method without much
difficulty. Graphs end tables of derivatives are given in
Refr. 1 ond 2 and also in Ref. 43, The most significent result
of the theory appears to be that negetive scrodynsmic damping in
pitech is possible for certain gamblnationsof liach number, frequency
and exis position (v. P, Joncs”).

The problen of two~dimensignel wings of non-zero thiokness
hes been considered by Jones and Skant for a 5.-thick biconvex
acrofoil, and this indicates that thickness @&y have a considcrable
offect on the derivatives, See also Jones® .

The experimental work of Bratt and Chinneck59 on the
pitching of two~dimensional serofoils at supersonic speeds showed
no sgreenent with thin flaot plate theory, the negative acrodynamic
dauping predicted at certain supersonic speeds not being observed,
and only gualitative agreement with Jones' second-order theory
(see Refs, 28 and 40).

Sewel " has shown that the essumption made in the theory
nentioned above' , that the shock line froa the leading edge is
stroight, docs not affect the result,

. .26 . .
Carricr ~ has treated the cose of an infinite wedge
oscilleting in & two-dimensional stream.

§3. ilethods Used in Dealinz with Threc-dimensionsl Supersocnic
Ogcalleotins Jings

(i) The lincarized ocqustion of isentropic, irrotetional
supcrsonic flow, is

2
1 /3 a 8295 82q5 82(25
-5 - 4 V == ¢ = ==5 + ==3 + "'5 ] 0“(1)
c” \8t 9% ox 8y 9z

the motion of the air stresm being an the x-direction. (¢ = speed
of gound, v = speed of stream.?

on elementary solutiron (supersonic source) of this equation, is

A(E,n,%) i x-g r M x-E x=E r )
R e I B N B ol £ R it T veaf2
° r o 1E~1 o c P-4 112-1 c
! 2 2 2 %
where r = ;5"; (z=B)" = (M?'1) (y=m° + (x=Z)
1% -

end f 1is an arbitrory funct.on. (iI = lsch nuiber = v/c.)
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One method of approaching the problen is to assume that the
flow round the wing may be regarded as being caused by a distrabution
of such sources over the plane of the wing, assumed to be the planc
z = 0, and express the boundary conditions in ferns of thas
distribution.

This leads in general to an integral ecquation for ¢, though
for regions of purely supersonic flow (that is, regions where tho flows
over the upper and lower surfaces are independent) the problen reduccs
to one of evaluating a definite integral for ¢. Bee Gorrick and
Rubinow?., Thus s though the evoaluation of the veloclty potential in
purcly supersonic regions may be performed, this spproach docs not lead
in general fto a solution for the wing a8 a vhole awing to the difficuity
of solving the integral equation for nixed supersonic regions, i.e.,
reglons whare both the upper and lower swrfaces aflect each other.

(ii) Starting fron the linearizeg, differential equation and using o
forn of Green's theoren, W. P, Jones” hos shown that it is possible to
construct integrals and intepral cquations for the volocity potential,
for purely supersonic and mixed supersenic regilons respectivelgr. Thus,

« This

in goneral, the sare diffioulty arises in this nethod as in {i
rethod assumes that the notion is simple harnoniac.

(iii) In particular cases it riay be possible to construct solutions
of the lineorized differential equation by separating the variables
(¢.g., Robinson/), but even in sirple cases such as the delta wing the
nunerical evaluation of the derivatives would probably be lengthy. It
docs not seen likely that this rethed could be applied to any but
comparatively simple plan forms.

{(iv) It is sometimes possible %o show that the velocity potential
sy be reduced to the sunm of a nuber of conical flows, i.e., flows with

<3
'

velacity potential of the form ¢ = x° £ ?—r sy — 1 and evaluate thesc
¥ x

using the fact that the problen then reduces™to the sclution of second-

order linear partisl differcntial equations with appropriatce bourdary

conditions, This con sonetines be done nurcrically (Acur®), but this

approach suffers fron the defect that it applies cnly to simple plan

forms and is rather laborious.

(v) The difficulty mentioned in conncotion with nethods (i) ama
(ii) oon sometires bo overcore by a method due to EvwardlV. A featurs
of such nixed supersonic wings is that there is an arca in the plane of
the wing (sec Fig.2), the #low at any point of whioh affects parts of

the wing in 1ts downstyean Mach cone, while the flow at this point is

in turn affected by parts of the wing in its upstreon Mach conc.

Evvard assumes that the wing can be regarded as being extended over

this region by a2 merbrare the slope of which is determined by the upwash
at any point of it, This unknovn upwash constitutes a new dependent
variable, A distribution of sourocs over the wing and merbrans is then
postulated, determining the velooity potcential at any point, and the
velooity potential and unknown upwash arc thon moede to satisfy two
conditions, one being the known boundaxy condition derived fron the
motion of the wing, and the other the fact that the pressure is
contimwous at any point not on the wing and therefore in particular at
all points on the marbrone., This leads to two integral equations in

two unknowns. These can be solved when certein assumptions, in effect
that the unsteady rotion of the wing has snoll accclerations, arc made.
In general there will be riore than one of these disturbed areas, which
rust be reparded as being covered by a merbranc, in the plane of the wing.

The/
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The method is confined to cascs in which these do not interact,

The motion is not assumed to be sinple—harnonlc, but 1f this 1s
assuncd the method is vqlld to the first order in frequency. 51
(Sce llogkowitz and ilocckell?.)  ccording to Stewert and Ting~¥i Ia
the mcthod is volid lfor stoody end oscilloting wings but not for
general unstcody motions, but sileseh disegrccs wibh thas conclusion,

epparcntly justiflably.

(vi) rioskowitz end Lioeckell? have spplicd o modification of
Byverd's tcchnlquc to obtain & theory, valid to tho first powcr of
frequeney, for wings with supersonic lcading end trailing edaes ond
strcoawise tips.  (Sce Pig. 3.)

(vii) General discussions and solutions for prrticular cascs
Ublnu mmethods similar to those nentioncd above have bcqn given by
E. 4., Krosilishohikovall, and Haskind end Talkovitch'®, but no
nuncericsl results are glven.

(viii) Germain ond Bader!| have given o method whereby o
siaple-hormonic solution of the oscirllating eguation cen be derived
immedintely from a steady solubion, The problem 1s then reduced to
determaning o stecdy solution with approprirte boundery conditions,

Tt is however necessacy thot the solution can be expressed as the

sum of & series of conicol flows and then in genercl the problem
reduces to the solution of an infinite nuwber of stepdy flow

problens, The same suthors have also discussed the method in Ref. 12,

Eix) Gardner’ has shown thot tho problem of a movaing rectangulor
wing {(not necessorily having simple-hormonic motion) may be mode to
depend on the solution of two steady problems of supersonic flow,

It scens possible that this might be extended to other plan foras.

(x) Temple18 and Stewartson'” have applied the mcthod of
Loplace and Fourier trensforms to various particular coses. This
method scems to be capoble of denling with wings with supersonic
troiling cdges. Temple gaves results for e pitching rectanguloer
wings o guosi-gtationary delta wing, with supcrsonic leading edges
oscilleting in pitch end vertically, end for o quasi-stotionary
delta wing with subsonic leading edges performing vertical
oscillotions, rolling, and pitching.  Stowortson has also
considerced the lost case including tems of higher order in the
Tregqueoney.

§4. The Oscillating Rectonguler Ving

The rcotongulor w%n%7perfo 1ng pitchang osoilla tl?gs hos
been considered by Jotkins' s ACUM”, Tgmple18, Stewartson
il1les®® ond Stewort and Ting-Yi Li”", end except for very low aspect
ratio wings the flutter derivetives wey be considered as known,
subject to the limitaticns of the linearized thecory, for frequency
poraiicters end unch numbers covering wost of the values likely
0 be reoquired for flutter problems., (Sce Table I.)  The negotive
acrodynonic damping which occurs in the two-dimensional case still
occurs but is reduccd by finite sspeet ratio,
!

Other motions of the wingz, such s rolling and distortions
of vorious kinds, eppear not to hove boen considered in rolation to
flutter deorivatives., However, it scems possible that some of the
riethods usced above might be opplicable to wotions of this sort,
The stability deravatives are known, Harmon2o
fornaulec ond graophs for these.

has piven
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85. The Oscillating Delta Ving

(1) Supersonic Leadine Edge

Ag this is a vurely supersonic problem 1t con be treated by
nethods (1) and (ii) of §3. Terple’® has given a mclution for the case
of snnll frequency.

(i1) Subsanic Leading Rdges

Terplce!8 has given a solution for low frequency prtching,
rolling, and vertical ocseillations, and Robinsan! has treated the
pitching delta wing for general frequensies but gives no numerioal
results. No sclution seems 6 be availeble for rolling other than for
srall frequencies.

(iii) Values of the derivatives (not yet publishced) have been
corputed by langler for the delta wing with subsonic >r supersonic
leadang edzca for the case of low frequency, and these show that for
cerbain combinations of lach nunber, axis positien, and leading edge
swecp, the darmping of prtching escillatrons may be negative.

(iv) The stability derivatives for a delta wing (purcly
supersonic or mixed supersemc) are known (Refs.21, 22 and 29).
Nurerical values ney be obtained from Refs, 21 and 29.

86. Other Pian Forms

Any wing whose cdges aro all supersonic nay be treated by the
rcthods of Refs. 2 or 6. In this case the ovaluation of the velocity
potentisl on the wing reduces to the evaluation of an integral over
part of the surface of the wing,

There appears to be no general rethod of dealing with wings
whose edges are subsonic, in which casc the mothods of Refs. 2 and 6
lead to integral equations,

Screbines the presswre distribution over a wing can be obtained
by censidering it as part of a wing for vhiech a selution is known,
trovided that the flow over tho ports onitted does not affect that over
the remninder, thus the pressure dastribution over a pointed tapered
wing with supersonic trailing edges oan be obtained from that over a
delta wing., This iz evidently of only limited application,

Moskqwitz and MoeckellD have given = theory ( first order in
frequenay) for wings of plan form of the type shown in Fig.3, i.e.,
supersonio leading and trailineg edges and stroarmwise tips, pitehing and

performing vertical trenslationel escillotions.

M110825 has considexred the case of an infinite oseillating
swept wing (supersonic leading edge) and also the sase of an osaillating
aileron on a reetangular wing</,

§7. Gusts

All the foregoing rensrks apply to wings perforving simple-
harmonic or at leost continuous motions relative to the airstream, but
it is also possible to consider the effect on the wing of o sudden
change in its motion such as soours when a sharp edped gust is
encountered.

W. J. Strang/
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w. J. Btrang50 has considered transient solutions of the
linearized eguation of supersonioc flow by building them up fron
gsclutions ocrresponding to a source emitting a finite amount of fluid
in an infinitesimal interval of time (pulse source) and to a source
cormending to emit fluid at a glven time. The sclutions thus built up
correspond to supersonic sourges, doublets and vortioces and ocombinations
of scurces and doublets. In Ref,3{ the some cuthor obtains results for
the growth of 1if% following entry into gusts and ehange of ingidence by
building up sush fundancntal fields of flow.

The problemn of transient supersonio flow has also been eonsidercd
by J. W. Milead? who obbtains the forces on o twowdirensional thain
asrofoil entering a sharp-cdged gust, having o sudden change of
inoidence, end & sudden flap deflestion, by starting from the harmanie
osclillatian saglution and inteprating with respocet to frequency. Miles
gives eurves showing the transient ohanpge of 1ift and moment in these
oasss., He oencludes that {subjcot to the limitations of linearized
theory), "It does not appear that the transient beheviour of a supersonie
airzlane due %o sudden pitohing or flap defleotion will present serious
problens unless dynanis stobility is marginal......".

Heaslet and Lomas™ have olse deslt with the esse of & wo-
dinensional acirafall ontering a sharp-edged pust or having a suddesn
change of angle of incidense.

Miles h?g alse onnsidered the infinite swept aerofoil with
supersonie sdges’”, obbained by postulating a distribution of sources
gver the plane of the wing., This leads to the result that the forecs
on & swept wing are equel to these of an unswept wing with equal
(stroammise) ohord and {streamwise) distribution of ineidence,
nultiplied by the comsine of the angle of sweepback.

The oasc of o twe-dinensional aerofoil which moves fron one
incidenoo %o another in a finite time has beon treated by Chongdh,
The nmethod is that of sowoe distribution over the surface of the wing.

The eormspggding three-dinensional preblems ars not se well
sovered though Miles” has derived formulae for the average transient
lift and moment acting on thin rectangular and delta wings entering a
sharp-edged gust, from the corresponding sinple-harmonio selubions Ly
rieans of general formilac connegting such motions.

A typisal example of ths results obtained by the methois
described above is shown in Fig.k (taken from Heaslet and Lomox*4).
This shows the variation of the inorercnbary lift on a two-dimensional
wing, free to move in the vertical dircotion wirthout pitching, on

entering a sharp-edged pgust.
88, Aooelerated Mstion

The motion of am aerofoil e.aoo}érgaing in ths transoniec range
has beamstreated by Gardner and LudleffZ/2Y and an accelerating wedge
vy Blob? , using linearized theory.

Ths supersonic case has been considered by Robinson’ -

89/



§9. Exporimontal Jork

wlthough & ccrtain emount of cxperimental work has been
done on trensonic ond supersonic flutter, a1t 18 dafficult to reduce
1t to any systcmatic form.  The principsal .ethods used arci-

(1)
(i1)
(i12)
(iv)
(v)

>

Experiucnts in wind tuanels.

Experinents on wings attoched to rockets,
Expeoriments on wings attached to folling missiles.
Bxpcoriments on models cttached to oireraft in flight,

Cbservations of perforaance of full-size sarcreft in
flight.

. 1 )
N Smlth4 has discussed the various methods evailable, but further
consideration of them is outside the scope of this papor,

The _work of Brott and Shinncck39 1in wind tunnels hes been

discusscd 1ih §2.
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TABLE I

Leading-cdge Dorivative Coofficients for Complete Bectanguler Wing

A= 0.6
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Moment = M = pv2038:11:t [z; {a(m, + ir mg) + (Bm, + ik Omy)

+ o {almg + 2 mg) + (Omg + L0 Omg) 1]
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X

}

e = chord.

csz:.J oiPb = depression of leading edgo,

M, >0 implies that TN tends to raise the leading edge and depress the

trailing edge.
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Evvards method (§ 3(v))

Mach lines.

Wing edges

Wing_of the type considered by Moskowitz And Moeckel
(Re.F.IS) See §6
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