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AISTRACT

'lhe lo$ lrequency rero.lastic elencrrt
nethod dcvcloped recentl)' at Ilclsinki U,rivcr
sity of T.chtrology, finland, is briefty
reviercd. In this niethod, thc unsteady

lo -. . .,r JLrt-lLr u ir.
a row frequency vortcx panel rncthod. The
statc of nrotion of the flexible airplane is
siven in terns of rigid-body modcs and
neasurcd clastic modes. lor comparison! sone

lubrished experimcnt!1 and calculatcd rcsults
oltai ed by this ncthod lor thc B 474 stept-
ring bolxbcr are shorn. 'fhc ncthod is appricd
to thc hlrmo ic gust rcspon.e anal)'sis of tl r
PI(-20D sail|1ane. calcula.cd plunge, - itch,
and tring bcnding responscs in terns of the
gust frequency arc given. Elastic gust
anplification factors and zcro crossing fre
quencics rt four spanwise sing stations rre
shown in different flight conditions and
conpared with classical plungc only values
in sone cases, the elastic gust amplification
factors are seen to bc over 70 per ccnt in
exccss of the risid prunge-onry varucs, which
is nuch norc thnn the connon design practicc.
Possible causcs of this are briefly discussed.

Presented at tlc IVI OSTIV Conaress
Chatcauroux, Fn ce, 1978
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Ptin k inct i c pressure

l, derivative t'ratrix
q yector of conplcx node anplitudes

u \lru lL.ll elea'nl"
s elenent area natrix
l translornationnAtrix
Li Iector of comple\ lust anplitudes
f'

v distance fron centcriine
z vector of co\rlex clcrient disfLacemeni

anpl itudes

Z notl. ma t rix
r intcnsity of tLlrbLrl erce

0i{ Fo\i.r-slcctral dcnsit} of gust \relocity
x, toher spectral density of load x

. circular frcqucncy

li ratrix of squared rode lrequencies

TNTNODI(:110,\

Accurrtc cxlculation.f loxds of a nodorf,
highly flexible sailplane in !tirosphcric t'rr-
lulcnce r.quir.s th.t its complete unstcadv
aeroel.stic bchavior is takcn irto account.

Today, a riurb.r of elcn.nt cthodc -^xist
for crlculitirlg tlc cl.stoncch.inical beha\rior
of r flexi!1e airDiane. Vcry poi!erfLrl ncthods

h r -ru
an:rlIsis. P€cently at lcast tro l.uee scrl.
contutcr codes based on clcrjr.r.t mcthod tcch
niqires h.rve l)ccn devcloped in the llnit'd
Strtcs, conihining thes. tasls to )i.l'i ' com

l. .r ll '. / ' l .-l
1.".".'. :r,: d ' lor I :-
steadl lh.r than uDsteatil thcories, a d t]rcy

') l" lr^\''':
Noreovcr, thc) requirc relativclv largc coinfutcr

and their usage for sDal] iirPlanc
trojects (such as sailPlanesl is thus hardlv
lustifiahle.

1o overcoD. these rcstrictions, thc l,abo
ratory of Light Structurcs of llelsinki Univer-
sity of IechnoloSr- launched in 1975 tDder
qtoDsorsl,ip of the Acadeny of Finland a lrojcct
llor dcvcloping an acroelastic calcultition nethod
rLritable for the light aircraft pro.iccts under
!:ry in l,inland. Thc project li:rs noN resultcd
in !n aeroctastic cotiputation ncthodology tilct.
6) bascd on the 1oN Irequency voftex pancl
nrcthod (licf. sl , and natcriaiized in a conputcr
trogram packrgc ca1led AEITAC (Rel. 7). In the
lresent paper, the,\hPAC Jtethod is br'teflv rc
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PRINCIPLIS OF

TIII AIPAI] MI] IHO!]

Choosing a ro -flequency acrodynanic theory
as a basis for an unsteady acroclastic calcu-
lation rnethod is based on the fact that thc
poNcr spectral density of atmospheric turbulcnce
decreases very rapidly with increasing frequcncv.
Thus, for hamonic gust response analyscs,
reasonablc catculation errors !t high frequcncies
usually do not seriously Norscn the accuracy of
loJd ,np.i 'c r ror l.. ror xnJ ol
frFru.nr.' . d Il.u " rhulol oll) ode" r'
-.cur, ) !r h:;h lre.i,^r!:F' brr ol I r.' . duc"J
cost in com!.rison i{ith gencral nethods could
bc usef'ul. The loN frcquency \'o1tex pancl nethod
(filcf. sl h.s bcon foun(l Ln fractice to bc
applicabrc for reduccd frequencics up to 0.i ..
u.,r. h :., r e.orr. ior o r|r'n6e..rr
furposcs and is still supcrior to quasi-steady
theorics. The AIfAC nethod has been described
in det.il in Rcf. 6, and Ne hcre give only a

For the elencnt ncthod forntllation, thc
structurc is lurped jJ]to s structu.al nass

to: ,L ,r.l , r-r'o' ".:r. le' , . 'D I r^c, ct .. o-
clcncnts !rc !iven ns surns of clastic Jdefoi
irltiors riith respect to so-called nean axcs
and rigid bod) distlrcercnts. l:or harrronic
vibratio.s thc ucroellstjc cquations of notion
for I flexible nirtlanc c.n be Nrittcn in the

(1) -p."T..sa 1{P+ikc)z + (K+ i@D - ozl'4)z

= pu,nT.SA-lwu

[Ior detai]s. s.c Ref. 6l Ihis equiti'n can

h. si)iplified by rpproxilrating the vcctor z ol
corntlcx vibration anplitudcs by a conplex
supcrposition q of m rolnal rrodcs and rigid
lody rnod.s of thc s)'stcn:

(2) z'Zq
In Lq. (2), collrnrns oi the nodal rnatrix Z are
rorr-fr . o,rr:or nolrhc IJrol

(K - oiM)2" = 0(3)

(Sincc K is the frcc body stiffness lratrix, this
set also includes the rield-body nodes). in
tr'.rr', r, .lr'r." 1d'_ JrJ "lr.r"r'

-rL ol L"in.l I c'" rJ rlrrl or 'Fsl'
n B), substitutlns !q. (3) into l'.q ll) one
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I leJ(ents of thc con!Iex
.rnplitudes of diffcrcnt
tive phase lags.

In the aerodynanic
thc corrplex aerodyranic
can bc \iritten ns

voctor q rcprcscnr
modes and their rela-

1o(-frcqrlency thcory,
ir{luenco natrix A

l4) [-pr,"T"SA r(P+ ikC)Z + i@DZ

+MZ(O-t-r'zt)]q = pl nT"SA rwn

spccd of flight, altitudc etc. ol interest.
The actuat strte of vibration can then bc ob,
taincd fron ho. (3), if dcsired. Howcvcr, for
a load analyst the fotlowing intcrpretation is
of nucl grenter inDortrnce: I1', i conncction
r{ith the ground vibration tcst ained at ob-
l!inin! lhc nurnal rodc shrpes and rrequencics,
cve strain .!Iplitudcs ond phasc angles arc
neasured for each node at diffetent locations
of thc structurc, ther thc sL,perpositjon q of
thcse also givcs thc actuiLl strain state for:
ihe flight condition in question. The internal
damping is usuol:ly neglccted in lower-spectral

AI)I]I,ICATIONS

To test thc mcthod, it \ras aptricd to a
Nell knorin and r,cll-documcnted test case pub
lished in 196l by Bcnnctt and Pratt (Rel. r).
This rcfort lircscnts an scroelastic crlflrlation
net|od based on so-callcd kernel-Iunction
tcchniqucs together Nith calculatcd and fiight
test rcsults for thc B-4TA "Str tojetl boinber.
'l_rpical results rrc shown in fig, 1, !rcscntine
risid-body prunrc nnd t)itch respoDscs, rn{l !'inF
front-spa. be dina resDonses, In this tisure,
thc solid linc represcnts flight-tcst results,
thc broken tinc results calculrtcd by Bcnnett
nnd |rrtt {l1cf, l) and thc snall circles results
obtaincd b)' thc AEPAC Dethod (Rcf. 6). Thc
accurnc), is sccn to b€ good cxccpt bct&ccn the
short-tcriod fr.€quency and the first $ing+ending
fesonancc frequency. As cxl)lajncd in Rcf, 6,
this is frobably caused l)y the fact that a
lifting-surfnce thcory (such as the 1ou-Irc.tuency

(s) A= An + ikAr

"hLr( .\J ,r d \r ",. rcJl i'. rnJsrnJ!nr ar r.-
du, ^J fic,lu.r' y I . Ilorcov.r, Ln rhe lok-
fmquenc) vortex pancl nethod, clcrcnts of Air
and AI ure caiculable hy cft'ectivc cxplicit
analrtic cxprossions tin nore gcncral formula-
tions Lhcse elene ts nust be calculatcd by
ncans of numcricar qu:rdratu.es involving strong
singulnrities). If the acrodynninic influcncc
rtrix is r:jvcn b)' li. (51 , t|cn

(6) A =Aq -rhA,-rA'A;r -...
lhc acroclastic bcha,,,ior of rn ircrafr is ob
tairod by solvins q from r.l. (1) for al I eust
frcqucncics of intcrcst. Usuilly n (thc nlwber
ol mod{sl is nrlrc| ic.s than s (thc dinicnsion of
7), and thcD ll{, {4) cnn tc srtisfied only in
in anlroxinatc nanncr. In Rcf. 6, the i'olloNing
ncthod has becn adopted for this furposo.'lh. -. vclo :'y.rnl lr'L,lc
pt,"xir ., l'y rne j ., I. ic

spanred L,y colunm veclors of Z, and Ilq. (4)
is plerultiplied by :', the pscudoinvcrsc of
l. Using rq. (o) one then arrivcs at the

(7) I p*,,(0""+ ikO",)+ lr.oO.,+0r(O - r:,:l)];1

= pu,,,(0ro + ik0o,)Z,vro

"1,' r. 0. O^, cl.. irc reJl r by n rdtric, ,,
(t'i.h c63rd Arb(..rlcd rh€ acro;tasric
'''. -'rr. ..triLcs. rlcir ..pl:cit , \Ijress,ons

. r ":\(r r , lci. b. Ih, ' r..trir(s Ie i,
dcpendcnt of frequency, specd of flight, densjty
oI air etc., and thcy cin be calculatcd once and
for all for a givcn :rircr'aft configuration
with & gi!cn nnss and stiffncss djstribution-
XnoNing thesc matriccs, lq. (7) is Ielatively
crsy 1o solv. for q for ever! !ust l'r.quency,

:.iL,l , . ---- jl

llarflonic gust responsc of thc
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voltex panel netllod] is unairle to account for
fusclagc and naccllc cffccts on t|. nancuvcr
point locatio . This in tLrr cnuses r slightly
too largc .hor't period frc.tucncy, and con
sequently:i too strong interference bctween the
titch responses and tlc w:ing bending reasonance.
lloNci'cr. if this diagnosis is corrcct, thcn
the error in respolsc calculations causcd by

aneuver t)ojrt is aruays conscr
vative fron r 1oa.l xnalyst's toint of vicn.

lie no turn our attcntion to .pflications
of thc lhl'AC irethod to thc PI(:01 s.rilpl.rnc.
Th.s. calcul.tions:Limedlrt obtailing ? rea-
tistic fltigue spectrurn due to atiiosplicric
tlr.|ulencci. lhey are discuss.d ir dctuil in
Rels. 8 and 9. !o describc th. bcha!ior of
thc airt,laJrLr in qucst:ion, thc six modcs givcn

, Lu ll,t .

of.lastic nio.le:i uere dLrtcrnincLl by a ground
ribration tcst lR.f. :11. It is North noting
I 'r ro o ll. r "r.' \.r;

bending nro.l. prov.d to bc ,n inrpo.tant choice.
llis is bccausc thrcx'gh the uhole freqLrencl
range of intcr.st the sccond (ing ben.ling node
las .lnost oppositc i thase to the t'irst \iine
b.nding nodc. lhis hrd thc r.sult tl)at tlrc
beNling stra:in,listrihutlon uas n!ch ncar.r the
static lord distriIutior {and probxbly nlore
r.aljsticl than it had been, if only t|c first
firS benclin! nodc Iad bceD corlside-red. Somi:
calculatcd rcsults arc shoLrn in fig. 2. Unfor-
tunatcly, at the aonent, llight test results

Jl
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concerning thc acro.lastic bchavior of th
hale not ).et been anal)ze.l, so thrt a con
bctuccn caiculated and flight test result
sinil.r to that givcn prcviouslr for the
is not avai iable.

Tlcrc.rc t$o in\rortant coeffi cients
i terest in construction thc fatigue tcst
stcctru'n, r'i2., tle a tlification factor

(8r q-..1 | l"o lu,ro.ulq^ LJi -'.-,--t d"

and thc zero-crossing fre.{ucncy

{sJ N =,-^ l/ c o.iLr)o-l

1n rquations i8) and (el,

of

(10) o"=l/d^(,o)atrl'

r,l rs 'y ui ,he r'..bdl r"e. d. ar" 0,
_e1 . a, l Do4e'-sf r, ldrr'srric_ ol -h. ^

load x in question and gust vclocity, respec
tively.

lhe powcr-stectral density of the load is
obtained fron thc Nel1 known equation

(11) O,(,D)= lH(i-)1'?d"(u,)

-o. Dt|\ 2L,t ..t.ul!rio"-, tl,F \nn tjm"r.
5.e-L.um urs -,cd 'or J ll( ro/r'1 ,. of I .F
ri,n..' t.. rion ll is Lrcp-c rr.J by 1.L 'L
si,rilar to thosc prcscntcd in Figs. t and 2,
drawn {or the load of intexest.

It is a common practice first to calculate
t\F . 1pl:, icrl ion ^1',o.4 lnd _lF ero c"o iro
"retuer Jy l- io" norpi'.hinp loirr l: . r'!rd
"irt l,r ' , Jld r\en to n.Il litly Ih. resu t ' b)

rl.lrnoric gust response of the
IriK 201 srilplrnc.
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experinrentally deternined factors takinS into
accourlt cffccrs of eiasticity, fuselage etc.
lhe rigid resporsc is obtained fron sinplc
chaxts. Elasticity corrections for the anpli-
t'ication fnctor vary fron case to case, but
Iactors rangjng from l.15 to i.25 sccm to be
typical for transfort airplanes (ltef. 3, r2).
'Ho!'cver, valucs as hish as 1.6 have been pro
posed (Ref. 2). A comparison betwccn risid
body, corrccted rigid-body, and actLrnl aero-
clastic nJrplic.tion factors is sho\tr in I:ig. l
lor lI(-2011 in two differert flight conditions.
rl r ':!,-' 'l o co,ra:lq 'r r.r, co' tlri_on
for the zero-crossing ficqucncy. ln this
ligure, the elasticity correction f3ctor 2 Nas

elasticity correction factor should be reviscd.
Anysay, ue ihink that this problen is iiorth,
serious considcration. The flight tcst progrir-n
cunently undcr Nay at the Laboratory of Light
Stncturcs of tlelsinki Univcrsity of Technology
nay cast nore light upon this p}ob1en.
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,l.
d.trd= r rnlF!.) A! =r ?0In

ligurc 3. \ conparison of g rnplification
ractors A nnd zcro crossing fre-
qucncics No of the !IK_201 sailpl.ne.

'lhc coiiparison reveals tso jnterestjne
featurcs. Irirst, the anplication f.ctors arc
not the sanc for all wing stations. lor instarce
in the PIK 20D ljng case the root.rnd th. tip
are rore susccptiblc to fatigue th.n other tor
tions of thc uirg. Sccond, anplication factors
are seen in.lnost all cascs to bc in exccss of
the comon desjgn practice; the largest valuc
is aboui 1.72. This rnay be partiallv causcd bv
the load over-estimation bet\'recn the short-
period fre.tuency and the uing bendjns resonance
'-Ftu.nc) . qu sed "oo\'. 'loqet . " '(Li1\il
Lhi! do-, 'ur .r, f ce r. ^.plxin'he "hol^ rf-
lification factoi excess. It is poss:ibie that
for hishly frexible rcinforccd plastic airplanes
thc conmon design reconnendations lor thc
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(Contlnucd o^ P!s.42)


