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' REQUIREMENTS FOR IMPLEMENTATION*OF KUSSNFR AND WAGNER"

' INDICIAL LIFT GROWTH FUNCTIONS INTO THE FLEXSTAB
COMPUTER PROGRAM SYSTEM FOR USE.IN DYNAMLC LOADS ANALYSES

8 ¥ A B v & N »s 8w .
. . & + by Ronald D. Miller and John T. .Rogers A 3 @
% @ + wBoeing Commerecial Airplage €ompany & = s 8 s
§ .« BN . N T “a e .0 & s A
T » & % “ 8 % . & v 0 b % .«
sy » = LOSUMMARY, + - ., & » « %3
» % - A3 . » &N N
% “« ® = » ® % . B % : B , T

; This document describes the requirementsgfor implementation of Kiissner and Wagper
indicial lift growth functions ingthe NASA-Ames FLEXSTAB Computer +Program
System (CPS) to represent unsteady aerodynamics,for use in dynamic gust, loads
- analyse.. This study was perforppe. under NASA contract NAS2-7728, “De-elopment of
- a FLEXSTAB, Computer,Program” (tagk IV, item D), s @ PP

-

Use of the Kﬁssner and } Wagner unste@dy aerodyna;mq representgtlons is revw‘wqi the
| requu‘ements for dynamlc loads analyses are outlined, and the applicability to these
requirements of the various program segments exlstmg in the NASA- Ames 1. O(f XX
controls-fixed version of the FLEXSTAB CPS is Jetemxned From this 1nformatlon, the
| modifications to the existing FLEXSTAB CPS requlred for creatmg a dynamlc gust‘

loads analysis capablllty are identifi ed and dlscussed
» & - . & % - '

The conclusion is that a large number of modifications and additions to the existing"

NASA FLEXSTAB CPS would be requiréd before implementation of the Kiissner" and
Wagner indicial® lift growth functions into”the FLEXSTAB CPS would provide'

4 meamngful gust loads analysis capabllley . L . & L
» g % * N '

g g

- - - - -

- oy e . A B B -,'v’. v S
kA v .* e '2,0‘1NTRODUCTION,, . ’
» Lt . . . 4 € s v » * & * o
’ - . - . * ? . o ' 2 - - . . > - »
. ) ) v . L ’

’ The NA‘SA has developed the FLEXSTAB CPS. (re‘, “1) mmanlx ﬁ)r statwﬁ' al!d 4
I contrgl &nalyses, of controls fixgd”elastlc flight vehicles usmg steady state gerod, 4
and a.lo%v-frequencyi apgrdxlmatlop ’to tnsteady, derodynumcg Other uga&lﬁtle.

3 include the abll’itz to calculgté itatlc load diﬁtglmtmns (me'rtlav‘and;.alr loﬁds)hmbtﬁg -
. contm?rgq‘hxrehexts ?(; ﬁexxhle ar@rgﬂ:"* * oV, % o . 3 5% e

* o 0 LR o ' » - @ 0

' In order toOexmn% the systegx’tg ?nclude dyn%m‘ic loaas ana}yses anvolvfng hctwe P
* control systenis and tom?akeﬁt attraetive for a variety of uses -rangufg from generaﬁzed'

» studies to actual demgn sit 1ane¢s'8ary to have ;he option,of ugmg au‘odynmglothmne‘ 4

ranging from ‘steady gtdte %o unsteady Reference 2 enamy:@d’ the feasﬂ)ﬁlty“ of &

incorporating both the Kiisgper and Wagqel’ indicial 11; ‘growth ﬁxnc‘wﬁ msteads

’ aerodynamic represeotatlon and a more exagf s.w dy aeve ynam 'ctgewy Q)vubbt '

kLattme) into, tHe F‘LEXSTAB\):Sfor.use in"q sanalischy " o ‘ Q "
—n e e o bk ; . : e

i Ml
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This stady wa= limited to examining only the use of Kiissner and Wagner indiciai lift

‘e

growth unste dy aerodynamic representati ‘ns. Specific tasks were to determine:

» quirements for implementation and usc of the Klssner and agner indicial
(L o th unsirady werodvnamic represcntatiuns in the NASA-Ames FLEXSTAB
1.00.x for dynamic leads analyscs

Adctional program requirements to complete the preceding task

Limitations and deficiencies which presently exist in the FLEXS A 1.00.xx
system for dynamic loads analyses

(9]
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3.0 GENERAL REQUIREMENTS FOR DYNAMIC LOADS. - 8.4
- ANALYSES,

,‘ - VY S YUY ‘i “w B @ P T A —
- .&?**«’OG"".”""".
" To evaluate the FLEXSTAB CPS fpr pse in calcplating dynamic, gustsloads; ié is first
: _ necessary to determine the genergl requirements ,of dynamic lpads analyses. These
' requirements were estabhshe d ig rgfe;etx;e@ gm%a;g;es;at@d*geafor subseqgemt use
in this study. i v&ﬂ"""".;“”%% » cR®=
T = W 5§ ® 2

A general dynamlc aeroelastlc'loads analysxs szstgm nﬁludes th&&llgvgp&ekwn;s p
g ® s PR

1. Definition of structural geometr andseructural daerod
! 'elm 10?0 struc ahg; ’e;y& S N ag geg) smicgalf
2. # Definition of the stracturdl todel® * * # sssBefa ey
aro'«---7&.0¢*¢i'¢0¥$§)fﬁi500‘
3. + Calculation  of structiral Wibration chdracteristics and ietg l?tﬂ":
. ¢ generalized mass and stiffness =~ © ¢ © % % & & &8
; EER SRS LS L 1. LR R E B
4. - Definition of the aerodynamic model© « % & & & % ¥ &% S EER. ‘f !
x T E R 3“‘nt&'t"‘?‘*"_"’. # |
5. Defimtlon of the control systemmodel & + & & &# & & & % & & ¥ b &
TEALLEEE LD Q?.";!‘ ok
6. . Definition of excltatwnfunctwns EEEE .  EEE L : ¥Be.
; s 2 asse sy YESOE 2@*!‘*30
Eormu.}atmn of the equations of motion and load equaumdz- 4 LB R RS | ‘
&« 8 49 *}“i”*‘,
| 8. Solutlon of t these eqqatmnstgdetermme " TTERE TR G
T SAT R R R
a. Coordmate and load responses in either the,time,on frequencyydemaing an
’ 3 power spectral denmty (PSD) load parameters, “ & z Q »y *nbw
) 4s.w¢fvtcvio,,'$§
- ' v¢R301:‘s ofthe chgactenstlc equatlonﬁ;‘ grxsn®e PR R Eny
% 92 T . TLE R e
' The requirements and levels ‘of sophlstlcatlon‘ for each of ;h?e“ lsmpnt‘s peed to be

 specified in order to establish a base for determining sucl; 1 tions and dgﬁgenclgs, ¢
presently existing'in the FLEXSTAB' CPS, as concern dy amic loads apalyses
capabilities: These general requiremeénts are d ribed i m fhe followmf parsg'?
riﬁﬁtl.b&”%&(ﬁ ‘8 Y 9
PN 2 2 L T, - e "lﬂ.ﬂ,ﬁv
4+ 3.1 GEOMETRY AND PANELING e a

¥ @ '.“- - — - -~
: o s - &
P : vv-v-w-r—wvw“-——~4l""t"3

Geometric sdata descnbmg the aircraft components  are ‘required before dynalgic
aeroelastic loads analyses can be performéd.* Panel characteristics ;ferﬁn!n & 1
'structural and aerodynami¢® model* representation must be’ defined; since’
"aerodynamic and structurak panels are seldom identical, separdte'pane‘luﬁ gclﬁ
must be gmplayed foreach. @ # # » « « = ¥ # & = H & - ¥ ® O -

i..‘—“---‘--Q‘-coom-‘-‘--o-c.‘d‘.h
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of either flexibility.or sgffpess matrices, If heam ;se nts are deled, ithe ﬁ\a&s‘
representation usually consists of lumped masses and ‘inertias,whi when' summed, 1
equal the total airplane c.g., weight, and rotary inertias. For a finite element structural
representation, the mass is usually represented by lumped masses at the fimtf ele ent
nodes corresponding to the weight c.g.’s of small panels, and again total ai lahe cg.,
weight, and rotary inertias are matched. The number of degrees of freedom resulting
from these structural and mass representations would be too large for an efficient
dynamics solution. Consequently, the mass and stiffness or flexibility matrices are used §

The structure may be w e nfed by beam segments or fini eleme ts for c lwlatx
n; tq r fip f@ % # i

! to formulate an eigenvalue problem whose solution produces structural mode shapes‘
- and frequencies which are used to define a smaller number of'generalized coordinates
' than physical coordinates. Thus, the problem can be reduced to a‘workable size for

b
f
|

i

dynamic loads analyses with little loss of accuracy (if enough modes are used). .
&
. “ > u * %
: & , 3.3 AERODYNAMIC REPRESENTA’EI(SN~ : L . * . L |
L . 4 .

The aerodynamlc model is requlred to calculate the response and, efmgatlon, air forces '

' that are used to ‘determine generalized air forces for the equations of ’mgtlon‘
- development and to form air load contributions for the load eguatigns. The degree of

sophistication required of the aerodynamic representation.is dependent upon the ty’pepf ;|

 dynamic aeroelastic loads analysis to be performed. For preliminary design and gust

| systems amenable to classical control systexg ahalysis and sgnt?xegxs

loads, quasi-steady aerodynamics modified with Kiissner and Wagner indicial lift
growth functions are generally satisfactory because of the large attenuation of ttht?stl
forcing function at high frequencies. If mode stabilization, flutter suppression, %r‘
stability augmentation systems are considered, then responses at intermediate or higher
frequencies are quite important, and a more exact unsteady aerodynamic represent'ﬁt,n‘
must be used to correctly obtain phase and magnitude responses of the modes.- X ‘
Ed
¥ $ J

34CONTROL SYSTEM REPRESENTATION *a @ . - . ‘
5w g ‘ % _ &
A contral system defimtlon is necessa,ry to assess the effects of auw‘e bo‘trﬂ b
responding to arbltrary inputs or feedback signals; e.g’, &taglhty bﬁu@m’én‘at?om s§st.m
(SAS) signals. The representation is dependent apon thg type of Qnam;c ae;oel‘as‘m‘
analysis to be performed. In most, cases, thecontrel system can ea’egte ted by linear$§
ghniques (rgf. 3).4

! In some cases (e g., certain flutter suppressiontsystems), nonlifiear analysis echn;ql,e
¢ glifleqy

should be applied because of. electricaly component; gonhn:amtles'lsgm meeha.mmn‘

saturation, or control surface movement limits. . . e t & .
* 3 Q .
- .
> 35ExclTAg'16uFUNC'hQN DEFIN;TI'ON g N g
- . '

L %
Excitation functions may be® of several types They riax c\)nglst qf Esckllétogy ory
arbitrary abrupt control surface mation er atmospherlc tarbulence. For dentrol inputs,
the control surface time history or feedback control sigraly, serves %o descuibe the "
excitation function. Atmospherics turbtlence may be ﬂescri'beq with éither™a discrete

- t'me-d pendent or a contlnuous frequency -dependent model.In_the former, a waveform
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 is specified; ifl the Tafter, a"power speétrum based on a statisticaldescription of rgndom
' turbulence is defined. Acceptable models of atmospheric ;turbplence are, rgaéil;;

available (refs. 4 and 5). ' @ t I R
N A
: 3.6 EQUATIONS OF MOTION:AND LOAD EQUA’];ION FORMULATI'ON " - :
» =
L]

! Formulation of matrix coefficients ,for the equatlons of motlon and Toad equations
} requires structural, aerodynamic, and control system data as previously discussed. ‘.
} Provision must be allowed for generation of either constant or frequency-dependent *
matrices resulting from steady state and unsteady aerodynamics, respectively, and
either panel loads or loads at a reference location. There must be a“capability “to
increase matrix size and insert, deletg, or change individual matrix elements#tor
| incorporate experimental data, additional degrees of freedom, etc.'Load*equation matrixs
| coefficient generation requires that load stations and an arbitrary load reference axis
E; system be specified if shears, moments, and torsions are to be calculdted. In this casey ,
s the appropriate panel inertia and aerodynamic forces ‘must*bé summed tosthe load |

p station and rotated into the load reference axis system. * & “ % * & & « s g ¢ # i

b e s A L LRI
b . ~ 3.7SOLUTION ROUTINES  * « * » % w & « + » §
: v & "R E ‘

, Solution Toutines are necessary to solve the equations of motion and, lqad,,equa,tionsgn‘
both the time domain (time history “solutions) and frequency domain (in order to
determine PSD load parameter and to perform time history solutions uging the [Fourier

. transform method if unsteady aerodynamics are used). In addition, it, is, ngce; sary_ to

| root the characteristic equation to determine stablllt.y characteristics.

|
The ability to perform dynamic loads analyses is dependent upon satlsfymg each of |
these general requirements. The ability to.perform, satisfactory dyn‘p,mlc loads analyses
is determined by the level of technical sophistication of each g;nsral requu‘ement’ o the

} preceding elements. , . 'S e ve |

‘Q'L‘«»““

: ‘“*‘"“!!g'

’ B A B W Bl M . W A A W
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4.0 REVIEW OF THE INDICTAIL LI¥T GROWTH FUNCTION
UNSTEADY SUBSONIC AERODYNAMIC REPRESENTATION
_FOR USE IN DYNAMIC LOADS ANALYSES

Y W]
The problem of representlng unsteady aerodynamlc flow assumed 1mp0rtance in the
11930’s; subsequently, a number of aerodynamicists began presentlngﬁsqluwox;s J‘or

various formulations of the problem. *tSaea

Theodorsen first pubhshed in the United States a complete solution for-the agrodynamlc

. forces on a thin airfoil performing simple harmonic oscillations in a uniform
two-dimensional incompressible flow (ref. 6). A solution for the aerodynamic forces on

' an airfoil subject to a step change in angle of attack was developed by Wagner; the
i result is reproduced in references 7 and 8.Tn these two cases, the solutign js expressed
| as a product of the quas1-steady lift and a function known after the inyestigator’s name, |
, which itself may be expressed in terms of Bessel functions. A transform relationship

| exists between Theodorsen’s reduced frequeq,py dependent function fnd Wagner’s |

nondlmensmnahzed time- cfepend.ent funotmn % s a *E. s
t . -

— N e e A SR, " B -

| The gust encounter problem has been approached similarly. Sears pubhshed a solution |
for the aerodynamic forces on a thin airfoil traversed by a sinusoidal gust (ref. 9). A |
solution for Kiissner’s problem, which considers an airfoil encountering a sharp-edged .

| gust, is reproduced in references 7 and 8. These solutions involve terms analogous to the )
Theodorsen and Wagner functions; the Sears and Kissner functmns ’ * & 4

SRS,
'The Wagner and Kiissner indicial lift growth functions are customarily designated ¢ :
and Y (1), respectively. Although these functions have a relatively simple form, they are
not expressible in terms of simple, well-known functions. Therefore, approximations

' written in simple algebraic terms were developed to facilitate use of the indicial
functions. The effect of finite span was considered«by Jones (ref. 10),. and additional
approximationg of }ndlClal functions were developed ifor various finite aspect ratios *
ranging fromng 4o infinity 4 Compr sfblhty effects ;were " considereds by M ky and*
Drischler (;'efs 11 ‘through, 13), san ? Soxge api)ruuqla 'im!‘lchlcﬁ-o'o‘ Wessn
were developed for vanous s,ubsoyc aclgnumbers f;om 0 0 to K7z # 8 T
i g - g
A general progedurg in past dyna;nﬁ': loads analyses for’ﬂlght conditions m' tge subsonic*
regime has been to use tyo- dimensional incompressible aerodynamic theory modified"to~
approximate finite span effects* (ref. 14); compressibility effects have been repfesEnted*
-1mpllc1tly through ’use of compressibility factors ©) tor modify, the llft‘ curve slopes |
alculated using theogetical expressions for m,compresmbleﬂqw ﬂFgr repres'en’aﬂomoﬁs
.unsteady effects, the jse of indicial functmnihas ‘been extelﬂed to include drbitrary |
al‘oﬂ motion, and¥gustexcitation functions t.hrou’gh'ﬂpplwat)o qf the  superposition
ntegfalg This, approach has been used extenswely ‘throughout. the au'craft ‘industry to
tdetermine dynalhlc gustrdesign loads for a, number of spbsonic, Nrelatwely ‘high aspect
atio, jet aircraft. Flight test results have been‘shom o geree ) reas(m&:l} w& mtb,
F-heorftlcal predJctlons v 2 . . ?
! 5 L SIS R & k. &I S 3

Denvatlves of Intersectmg Airfoils in Subsonic Flow,” Boemg document D6-7401, 1962.
** Gilley, T. A. and Cast, R. D., “Theoretical and Experimental Frequency Response Functions for |
‘the B-52H Airplanes (WFT 1286),” Contract No. AF 34(601)-22257, 1966.
- a4 - -k At e il A s e BN l.‘_.d

6
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; -
# ‘An analogous sc as be us g “neieﬂs‘for
- ﬁnfplémgngn a}clleg;;hlg l@nr 1“ j‘ﬂ f ?@@ gtead Msthte
s ARy ‘“’“ﬁ"ﬁ&fmqn K ey dbtner 4
is combine e us 1 ncidencegand
gm“ﬂhhﬁctfoqs to vélog ap appuoxmnte unst!aly !e&:d}namlc rep;esgn@wm ® »

L 4

v s s s BE *

« Unsteady*aefodynamic eﬁ'gcts a,re,,apvmxmated’ by eonmdenng hfﬂ gro‘gtlbtgm. i
, accordance with indicial functions gf the following forms: sened
“5‘&,;,@:&’ ‘(ftié(",t“zvlit."'*
» Ls *Response indicial function appro,i:lqlatlou » ® W ¥ . ‘ : : s end '
5 " | .- s L ]

¢ . sowsR
« v B * l—alexpalt—azexpazt ol P
% * % - W oW E , p " &S .
. 2. 4Excitation indieial’ functlon approx1matmn : @ L ; : 4w ‘
o " & %0 4 " FwY e |
] ? Y E T
YRR l-bleXpﬁlt—bzexpﬁzt—b3expﬁ3t A b "'f in ol
+ B BY = w e e’ . ® %
'Fhe coefficients a;, bl-]“i’ and Bj are functlon% wpect,;ratlo and#subsonic Mach‘

number For supersmhc flow, these coefficients are generally assumed to"be"zero. 'Ihe
user is free to choose coefficients that tailor the indicial functions for. .compatlblhty‘wfth

&
o 1nd1v1dual analysis requirementsi’ In" theory, mdlclal functions can be simply ddveYo;fed
» from harmomc s%luglons, in practicej this proced rec“m'es iogmdprgb]p effort.« ® ® :
L TR © 'E B
T E RS
® The eﬁuatlons. o tlgn as formulated 1n‘rdfe1%nSe 45%nd refww i eference®2 ™
} # ‘asing® tHe %asxs of the approximate unsteady ﬁeﬁd,n 1c repregentation deseribed”
ﬁprev10u§y, .".,,,¢a»&*"" y ,,,;c!"’,
® s «®HF P 2 R » . % s EE
» 5 (Strlctﬁrgl+ SASZ + (Resppn;e Aerodynamics) (Gﬁst’ Excltatlon Aero‘dygamlo). -
. ’ ® s
. [M]{q}+[M€l{q}+[Mﬂ{q}+[Mﬂ{q o [l (i) fesfamey
‘ = . LA
.‘where*"':"' . ? rw e .;:0""
. ¢ » * ' eR®s ® ‘ ) a4 " 9"
s v Mk M2M3 ai'e*he approprlate structural matrix coefficients. © * s 4 OF
e s 8 ¥ - X » &% e .
M4, M5;and €3*are the apgr%pnate aerqdypamm' matrix: coefficiénts ormed' “ﬂ ‘
. 28 =
steady state aerody’namxcs rre . g ® e
v . # § s 5 B a8 e
. % B & ¢ . s > =9 LI
:t » . e 2 8 L .

q’s are generalized coordindted. TR
I S - "“‘

E
: s # w09 v 8 R vy @
is the gust angle (angle formed by ‘th(i freestrsam velocity and the’reguﬂug
- frges;regm,vqlomty with gu’stllstui‘bances) T E LR s nE
$ E ]
’ ¢ 8 % ¥ . ..‘.,cal..‘.'
, : le}hswa@el indicial lift ﬁrdivtix fsn&l&l TR R s . »® : ®
' ¥ N T R RN R
. *15 t‘he  Kiissper indicial lift growth fanctidn ® * ® ® © Y B
. Y LA =
| * [indicates convolution. . A,
. - e A NA W EER e ——--

- e e B
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""" '”'W'v----

rThe load equations‘follow the same format as ﬁle equatlons of motion.

o (o () (e Yl ) )

‘ where »

i

¥
™

¢ @

>

S

§
f

E

+The equatlons of motion, including*indicial functions, may be mtegrated into“the forms
i (first-order differential equation) required in the existing FLEXSTAB CPS:by
transforming the response indicial.function into state form (see app. A). Although the
matrix size increases significantly, this form allows a general application‘of the indigial
functions. At one extreme, the same form of the indicial function may be applied to.all
degrees of freedom or, at the opposite limit, each degree of freedom may be modified by,
a separate approximation of the indicial function as defined in appendix A. . o »

i

#

»

&

£

—-— - — ®_ & . . " , ' - » . ® .. .
M1, M2, and M3 are loafl gnatrix ‘coefficients of the. generalized coordinate
displacement, rate, and acceleration, respectively.» w

M4 and M5 are load matrix coéfficients of the: generalized coordinate rate and
acceleration convoluted with the Wagner functions > &

L3

C3 is,the load matrix coefficient of the excitation functlon convoluted with “‘the
Kiussner function. : B85 ey $ 5 5 4 5 @

L v t -
: R = ,,g’)&%; & i
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B L2427 XTATRROGAMS F G | 5
.::%T@:’?:l‘?}th H,‘?Q‘wg?i?ceolnnnct
EFE N E N E RN EEIEI E I S0 B A A N A

R I R R R R A A  E R R
 Thg vgrigug progrags of thg NASAFLEXSTAB CR§ wee qvajuated ip nefaence2do
Qetgrpine Jtheir, applicgbllity gngd gdgayaqy dog dyngmicylopds gnalyges wsigs
| %eredv‘aims rpesgniationg whlchq rqnge from gsteady gtafe Jfofrgayency depegdept
: %ns:eady ae o@ynamlcs 'I;h ox&w;s Paged on the gelprq.l requirements etfll‘d
" in section 3 to e er w1t el of wcgl aop;u%tlcgtlgn egm;eq fgr a

ana'iyms .Tl?e asls for t 1s stu as tha exalalaglon gmdll{e‘x;t(‘ 19c1}1d§ oixl% !(::

‘Kussner and Waolgner md1c1a llft growﬂl unsteadx er dxn ic represe a 0

addltlon “the evaluation 'h as een exeandeﬁ n severgl area t% fgrt er agf‘
FLE'XgTAB‘hmltﬁtlﬁng v ' .

jeasw !iOCUl!QQ.Ul'tll!ll.!li.nl".‘
) Figdre® 1%identifis “the FLEXSTAB' Mofx? ﬁogra!nf cOndld®red Ar®dyhahil %a!s’
} apphicdtioh, together'with®h® eferferfts Tisted'in"sectifn 3. * * ®# # & % & & &

'l.tlil‘lieﬁl«'!’!"nllll...“.“"
b #8555 % 58 5 515GEOMETRYWAND PANPLING'GDY % # ¢ & & & & & |
Jrr s esgprepepeegpurpsppronssssnnanl
P The# Geometry? Befinition ‘program (GD)*calculates detdiled®défifitions of StHe !
¥ aerodynamic’ geontetsy and paneling$ required in the dewhstream®progfanis MHrémtie '
generakinput geometrie datay Thissaerodynamictpaneling séheme is’adequate forfusé i !
parforming dynamic loadsanalyses: ¢ s s s s & 8 o % » & ¢« "'.‘W

v

SEBRS SRS NRET R RREERESS

« m» 2 #2STRUGTURAL REBRESENTATION (SICSESI@) s « » &
t"!n.nn.t.ociooqacda.scnqaa.bl.
Intgrnal Structural Influgnee Goeffigient programyg(ISIG) uses,classical heam ghepras
o formylate the, structural,model of ap girgraft. Stguchugal gompenents age gepregenged
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Geometry and paneling

(GD)
1

Structural
representation
NSIC, ESIC)

Structural vibration
characteristics
(NM)

Aerodynamic
representation
(AIC, SD&SS)

!

Control system
definition
(SD&SS)

i

Excitation function
definition
(SD&SS, TH)

!

Equation formulation
(SD&SS)

Solution routines
(CER, TH)

Figure 1.—FLEXSTAB Programs Reviewed for Dynamic Loads Analysis
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Desired

o

|
FLEXSTAB

Where:
m = mass
|¢ = pitch moment of inertia about local elastic axis
lg = roll moment of inertia about local elastic axis
ly= yaw moment of inertia about local elastic axis
i ith node

Figure 2.—Slender Body Mass Representation
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d:he masses para]kl‘to the elagti® i8, Tt is ﬁngoal tOmahh thg bendmg nwx& tswof
mertlasugxg ﬂhg t.ch.nmu!f %x - ' 5 a “
- - »

-
genemal, a 1§d a:n'p? !’nalyi? wqﬁxre“ﬂ
: :Ia';lbma@ ho'riené of ?na?em at the c.g be gtﬂqg:@ defin
m@& tho use;’oil i hmp@miwax;atog withouts r&
| ide e

‘m ST Mmass
ﬁlustrate¢ i ilgure 3, However, cﬂuse && is*no dlavance in .th% Qrdgramto w&‘
.

-
Q '
‘ - ‘ .ﬁ

Total pitch inertia

— 2 ~
I¢ —Emixi +EI¢1 ~Emixi

Total roll inertia

lp =Zmy?+Tlp, ~ T m;y;?

Total yaw inertia
- 2 2 A 2 2
Iy =Zmy+x? )+ 2y ~ Zmi(y+x?)
C.G. location

- :
qcaqtttﬂntﬁn T v
. sl Aircraftyin whichsthe x locations of theswingemasses goincide vemy slogelyn tef
#» location of thestofalyaircrafts center of gravity @nd the Jpodyscontnibution 4o gh
+ % wpiich igertiagisespall, (examples; flying gvingasomesciyrrgnts REV, copfigugationg)
o & «Thiswil] cause ap grrangpus tgtal Ip; Pitch ‘el easen-anand
EEIEEEEEEETEE R CQ"Q"**“...

Alrsraft baying Wkwaww@ W gy, masses, i€ wng WG

@*ﬁr slrsth Thisgvil] causp gn grigngpug
- % - L ‘ - t LR B B
‘A gezg % Qr&lage gyaaxgxc' %1?1 eq : . g

uirem ents inclusion ©

€
yith 2 ler ofy pgylgadg agdigr (example:uContygryg
% 1 wf‘%ﬂ‘%




_lesimynyg

* Elastic axis

: Desired

FLEXSTAR

Figure 3. —Thip Body Mass Representation
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- gegRor & lomshugng #hal frow it GE BN WA T |
Mreiqt“refx.eptdingu importang; for.exgmple, seedignre afolcalclabiol & win® Heoliny
) moment just inboard of anpuboard siorg. g m g H AWM B S A B A ¥ LR :
e mon@ €S .Q.»sa';!!lll.’*""“'.
§ ‘The ndss moment'ot’ iner“a g) of the gtoreis Jangegand ﬁﬁ.emnd.‘x:vﬂlﬂado
 sam& ofdet ds Bmyy;7, for lightweight structyres guch as ingeips. FhsH:
; “this YexAmple, n'e%ectin Iotary, inertia, tgrygs .\ Z1;8.. ande « wiille produce ®
;"Vgigngcingelzoiinnﬂ% §n3i1¥ g)o&lest bewl,we‘f ‘b%l jagfigcts s w B u 8 » "
3 ' "EESEiEE T BN
; The %afeulafior of ﬁisﬁlfée’n&ite’ > fﬁt&i%s‘oz &i;ts;og they li‘t'yas'-ﬁceﬁ
aerod¥ynfmic paniels i§ based on the de ox”m%ti af e'niargst'st;p@upl‘x@ep@wn k.
) the Slastic #xis."THe %wist dnd’ splaceme tft.this.ngdg togethen, wiithy the
I perpendieulardiStac® fon® tHe Herddynamic anel centroid to the elastic axis arequged
! to calulate panel @eflectidhs ™ This® approach neglects the inc el;}el;i;s‘in _bending apd*
' torsion deflection @ue' to the" elastic*axis™ cé between ‘the mtgrsg’c‘tipi
! perpemdicularfrom thé'pandl ntroid dnd'tHe Structiral Mlgcaziog' (Ay,of figgbh s
.. SARBEATERNABIET RN i s §
. The Egternal Structural Influencé Coefficterit I "ESIE) is Jes?n'ed'to‘trv)%) 4
Ehgt,ructgrﬂ matrices caleulatéd fusing finitePelénient fechiniques’ external  to §2 4
 FLEXSTAB-CRS ginto structural matricedfofithe for &qmﬁd'by"sﬂ&!ss."rﬁeil' er’
+ body representatignghas thegsame deficiencies as those in*ISIC} that"is; the St c&@l )
~node points are, agsumed to lie along the mean aerodyn ine. ult
 in largg lgcalized effects on thesstructure but.the gross effécts are Sm8ll" (ﬁn!eqﬁeﬂtg
' this deficiency hag minimalgeffects on the stability @etivative %alculations fh SD&
I but siq)iti tly affects the generations ofs the generalized irfertia*and stiffness* (b
gUi‘i‘sedln‘thg amic equations of motjong ¢ & = w W # w w W ¥ O Ql!..._s
. q¢¢an:_Et«tt%i}’t?t***"":‘:”
The usgo cgpt;zleielimpdgg is desjrable for structural parameter studies g&dl‘o se
" design cases where‘ o¥y'a ie\z sWtq;achmpoqeny need to be varied (secid of #ef7). .
V System™mB8difications r uired to accommadate cantilever mades would sinwolve#m#jor g
¥ 'changeé'in'th% S1é a%de.%ilc programs hecguge of the nagure of theresulsing matwices: ?f
! .?2"‘ Q'Qasiuill!.ﬂhl..'.":ﬁf
\“In' conctusion, ¥S¥C*and," to a lesser extent, ESIC do,ngt meetythegstrugbural
“represerftatiod feqliréments ‘as defined in section 3. The deficienciqg ghat g
E«'correcte& Befdre®these programs “are Suitable for t?xnsm“: ioaﬂs&xplweg agep
| addition®ofimaiss*mbmient of iffertia terms for both slepder and thin, bodies gng @ fo

"

-3

' slender Wodies? tHe €agabMity b répresent both'a curved e astic axis not coincidgp

* the mea® arodyRamic a%is'and tadsed 10cated off the elastic axis Thege requigerge

' would alio mesessitatestie forfaulatior of flexibility” matrices Whl‘ch'ilil e.d i

' and slope emefficients due to mofents. The cipa\xiﬂty' is afso.n&a ed either ;
i &5+intd ESIC"s e ility’ matrices in "

¢ cantilevey modess cansbes calcalated. ‘Cofréeting” thesé defitiencies would reg
restructuging andsreeoding effort for’both ESIC*arid IST€ &nd' wbuld, in Tufh "affe
downstregmgpregrams such as NMeand SDESS bedtite B Th& nthtfix"co

! mass mat"x"sC ’:m sa’“ ‘: : t! n: !"., _.
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Where s = store
I = wing struct mass
Yg = 0
my, ls
m, L
|
®

| ILY —
L

BM.=Zmys + 310 Z
Vi Zlﬂx + mgzo |+ Isex + moment due to aero forces

Figure 4.—Bending Moment Calculation by Force Summation Technique

Elastic axis

Aerodynamic
panel centroid

Bending and torsion increments
neglected in computing deflections
at aerodynamic panel centroid

4 \— Nearest structural node

Figure 5.—Thin Body Modal Displacement Reference
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* %  Z3STRUCTYRAL MPD CrRRACTERISTIAS ()
& vV @ v . v‘i‘ '." v 4 'l‘. f"‘.‘
% ﬂe%oﬁal'mgde's ;r(gram, (W) requires gmput?*frem tHe structfiral 'roﬁram’(lé(p.

NM *uses*this inpflt Lo form\?atg andsolve ag eigenvalue problém to pr uce'str‘t'lctmél
T S

# fee-frée mode”shapes gn;l equ?cies,thgt arg uged té defﬁe«@enef&lﬁea.cﬁox‘dh’m .
#.and to calcflate 'fhe‘general'izgi inertig and-stiffnesg forces. he stracturdl inpht ﬁata,
. dnd? eigehvalue ﬂroblgm‘formulazigp and gplutign,sare deficient# for #hef purfosés of"
» #alculating caftilever™modes (ﬁgd body podes age nopreguirell to éalélate®cafitile¥or ¥
# modes) or inclﬁding‘mdrﬂenfs gf mer;tig, inithe pass mafrix. @onsequently frestructring
4 and recoding of”this program é‘re“ necessary to satisfywthe requiremenkts deéfinéd in®
section Ffor a satisfactory dynqamic anglx‘sis. o - @ e ¥ 4T 8 Lo
8 Vs e .7 & L . "/ : . & ?» s @ VE
v ¥ .

' .« + 54AERODYNAMIC'REPRESENTATION (AIC,SDRSSy 4 #
s @ 7 e @, 0 P i i ¢ .74 7'

Y 2 s v
#The function of the ‘aerodynamic inffuence coeﬁ'ic?eq,t Bro‘érgm is togcalculate eithew |

‘subsgnic or supersonic steady-state aef’bdynami'c influencg cpef?iq'pnt (AI€) matrices |
relating surface ;pressure to’ flow ifcidénce, and to;pr'oq,ucg a Jlow-frequency |
'apprdxi.mation to an unsteady AIC matrix relating surface pressure,to flaw incidence
o~ . . g i %, . . 3
‘tlmq rate of change. The output consisting of elements of the I'b matrices,is savegh for
use in the SD&S$ program where the®complete AI€ matrix is agsembled, frorg these
“ elements. s . Fa P BT E P ) :
8 s2 @ pe B ma "0 v B
L s ” # ".”" ;‘ , g e '.
The aeroglywmc,thgory ip ELEXSTAB#conside¥s linear pote%tig‘l.‘;lo% in ptg subsenic
* and' sﬂpgsonij r;gim;s. ‘Soh*’oqsgng written 'asﬁnﬁeé’ra’ eq atifns mvg'ﬂ i ge
« $trdhgths of flow si,ﬁgularit,ies‘dilstlﬂ)u,ted over dérodynafhic'meafl surfacés .an?% A
“ MWnes! Sfreng hs 8f the ;lo,gv singularity »digtrib#tiens lre'd'etgrmjne ing
# approfimations based bn’thosp used ip the finite, etensent fhethod & Wosd’ard.‘&;h?
# body and interference body’ mean surfacespare represerted by panels, #ach With
@sséciatéd constdnt stlfenétl; vortex flow pingulaxiy.,Sﬁander bédy*meafl centerfnes are
, * dividéd into Tine elements vﬁ;i flow singularities wepresented By #doublets v’vh&e*
" # stréngths Vary ﬁufdrati?:aﬁy.' iclin;ss/effe@s may be represented by”sotirces® The
k # isolated"problem® afe sofved andth interfgen‘c&ingidenpe grising from these £lutions"
caleulatéd. THis*interference ‘m_ci engé is suppr‘ass.e(bv@th arvortex distribu#ion Fd*
# isolated wortek and”sotirce &s&ibu@ogs. i‘ifal]y, ghp pgessure is caleulated ahd +HE Mc
[ g is,gvi'labg from tie relﬁtid’nkgﬁve‘en) ressure and surface ow imcidences . * # ’
. 1. i e :
The steady state gepgyaa;kzépr%sentaﬁonﬁn ¥ be orrécted with =
using: one of¥several s_cﬁeglés‘aga;lé"ble ‘in FLEXSTAB. In pragtz'
‘corrections %f,tfquICa.maiix are difficult to achieve, and the_ application
schemes hasproiveg fgeleﬁ'a,}l? upﬁl;,céssfu*l‘ in the past?ref. 16).‘ - ¥ =z 5 “
y&*’.,”,".'.a‘ & & » ¥ "”’.’, v ’.., ; » B W
,%qtﬁﬁ»*""*‘." a & B
*The* lg“?ifgeﬁu,gﬁcyua"pmgxmgtion to umsteady #erodyp
.severe ﬁrei;uencylinﬁtati’oqs 4% g%xy
‘st’al;iﬁ ity éé‘r'ggtfygs;. F ,
dgpv - copres ng*
rediie: +‘5 :

.
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™result in an AIC matrix which is not suitable for dynamic Toads afifalyses IMvoIving —
appreciable structural mode response. The envelope ‘of these restrictions for a wing
having an aspect ratio of 8.6.(B-52) in subsonic f'low is shown in figure 6.8 Two flight
conditions from -the B-52 LAMS study are su{penmposed on this figure stosshow, their

relationship to the i'estllcuong. > 5 o o ® 2 ¥ % o3

¥ ¥ s 9» 3z . t.

The use of steady state ALC s and t‘me instantaneoiis ‘angle of: mcrdence .modxﬁed w1t.h
the Wagner indicial lift growth func* on,"2nd the®gust*angle modified with the Kllbbn(,r
| irdicial hft growth function to xcpr(‘sor‘* unsteadv aerodynamics has been the accepted
mathod used by the aircraft industf:y for performing dynamic gust ioads analyses (refs.
| 7 8. 17). The aergdynanuc lnﬂpence coefficient program is.suitable, for *generatm
| steady state AIC’s for use in formulating the generalized response, and gus
| acrodynamic forces in a dynamic aralysis. The low-frequency aerodynaml
| a pr oximation is useful for ‘cafculating the airplane static and dynamic stability®
| dernn atiyes used in ‘the dynamic equations of motion. It is important that the#
| iuw-irequency ‘aerodynamic approximation is not used.in formulating the gonera]xzed'i
, ac ouynamlc forces for tHe elastle'modeq (fig. b) and eseclally for thc gust eneralxzed{’

-

| . . O ne

| [requency limits of fhe low freq'uency aerodyndxmc dpprgxgnatxon thcory 'y

* # T YR oo ‘
“ 5.5 CONTROL beTLM Dl:.FINITION (SD&SS) o ¢ -

The control system model defined in the SD&SS pxugram can include aflerons, rudders,
and clevators. However, if more than one control burface of‘each type is defined, they
must be interdependent; i.e., inboard and Aoutboard ailerons cannot operate
nlependently of each other. Other control surfaces (Such as spoilers, tabs, or other
aetive controls such as side force geaerators) cannot be” modeled. Most present aircraft
! oprrate with some form of stability, augmentation systemh (SAS); future aircraft will
! probably have more sophisticated SAS systenis functioning via a wide-variety of control __
¥ surfaces Any program capable ¢ of Performmg dynamlc loads analyses must allow for a

¥ varieiv of active control systems. . " 4 3
L] ‘ ;s t * » > 4
' 5.6 EXCITATION FUNCTION DEFINITION (8D&SS, I'H) “ :
I R ;

BThe excitation function is def'med in SD&SS as a time-dependent aerodynamic force at
eagh, uerocentroid. These forces are’ useful “intthe equations of gootion formulatiod
pugcgdurc Lo form generallzecf excitation forces. Time-dependent shapes of the excitatiof
angle of incidence defined in TH include € -cos),step,qand gquare waves. To include

punsteady effects, these instantaneous angles of incidence need to be mudxﬁed with the

Kissper indicial lift growth functions. . )
s . . / ; .
s s o 5.7 EQUATIONS OF MUOTIUN AND . ‘
le LOAD EQUATIUNS FORMULATION (SD&Ss) © * {
{ % ; i
The ratinns of motion are formulated in the 5D&SS program using data from the ¢
¢ o.rame defining the geometry, siructural, aerodynamic. and ‘control system d

= nt:timme. There is no provision for including the SAS definitions in ihe
irne S nce SD&SS is dependent on data from the nrevious programs, the degree of
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3.0 Y
\ B-52 LAMS data
\ @ First symmetric mode, f = 0.89 Hz
\ A Sixth symmetric mode, f = 2.76 Hz
\ © Ninth antisymmetric mode, f = 4.35 Hz
'ty \ Flight condition
: \ 1. Mach = 0.77, alt = 32 700 ft
\ 2. Mach=0.37,alt= 4000 ft
\
\
\
\
20 +
5
[ =
§ \
£ (1-m2) \
° M
§ 1.5 F— o~ \ -
3 | £ \\ 5
] 5
= [
¢ S \ ]
| 5 \ 1§
fre \ | ©
1.0 | | \
|
: \
A \
, .
4 . \ ? _— k]|Ink
7 % I i
| / 2
/// % A/// Fa
0 2 A4 .6 .8 1.0
Mach number

Figure 6.—Reduced Frequency Envelope for the B-52 and for FLEXSTAB Subsonic Aerodynamics
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ophistication of the equationgf Totion 15 dependent OB That of Gach of

rograms. s Presgntly,; there o, capability to formulate dynamic load*‘guatumq

itheut.this gapgbjlity, ‘th*E?S;[‘AB CPS cannot be used‘for dynamm loa gstnaiy!es.ﬂ

¢ % ¢ ¢ v ¥ b L o I
The usg of astruncated ;méxlér’of modes plus tlﬁxe reé‘id&al"flexlbﬂlty “of ‘the mmalmng.
modes, yingluding the a‘emelgst}‘c eﬁ‘ects as formufated ‘in SD&SS' of* the F
CPS; is not congidered a sa actory approacil f6r use in dynamic load an&ly&lsaltqc
pyodjice unsatigfactory resul d its use is not recommended. Thé' reasons ’
recommengdation are dlscusset'i in more detail in section 6. + + & &

. ‘*
“ 0 08P & ' "“’“("""*
s PPt ] 5SSOL‘UTIONROUTINES(CE1§‘T«H)‘ A
L &% 2 ¢

: - & ey

’l?he Cﬁaracterfstlc Equation Rooting program (CER) is a subprogram:of SD&S&@

'slegves for roots of the characteristic equations obtained from the equations of pn}l %
e Time History program (TH) solves the equations of motion in the time doma.w

severai forcing function shapes such as (1.- eos), step, or square waves. No p;ov: i

presen"tly available for'solution’ofithe equations in the frequency domain. “ 2

g;gs:;g;gy-i‘.a'a‘!\at.

Since present”design *gust *loads: criteria require ﬂ;q,dgte:mgn@nop pf ,loads lue to
continuous ‘turbdflence, a solution routine must be added to solve the equations
motion and léad equations using random harmonic analysis_ techmqy.es It mus
“€apable of ealeulating steady state solutions for constant coefficient, linear seco. ler”
ifferential equations: From such steady state, solutions, structural dynamic l&a& due
sinuseidal foreing functions . may be de;er;nmed agd Etatlstlcal charactemstms‘o;ﬂ ds*
“due to continuous gurbulence, calculated, The equations ‘of motion mustbe solvéd¥fo
dcoordinate frequengy response functions which are Tretained for use in calculating load
stransfersfunctions (simply load Qoefﬁclent matrices mulﬁphed by coardm‘aﬁe eSPe
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~ -

60 RESIDUAE FLEXIBILITY ERFEGIS OFMODES' J e,
« * “FOR DY;NAI!HC LOADS dNMJYﬂg - e e ‘i gy :

v B 2 B % .-e =S ®«®
ﬂ""'”"‘"'.b.ratt..".‘.

| : s mm e e R

| The formulation &nd use of “remdll flexibility 'a’ﬁﬁt"investlgated ﬁysllWQQd

~ Schwendler in-the early 1960s (’re . 18). Since then; this' t&hﬁxq’ue for calculatign yof

| siability derivatives and “for flutter calculat.uons has been used success .I-@vwv',

- the use of thissteehmiqwe for flutter, %:ontrql system analyses, and especn';lly for W@c’

i lv ids analysis,scan lead to sfgmﬁcan errogs Q.rgutnd: exercised! *

cg W e REaW ‘J .w;«;zsﬁ"‘*"‘

‘ In this techmqu., the free*vibrdtion mod iye partlgloned into tvm'se%s the %w r:
.

&
i e B =

' uency explicitly.retained modes #nd the igher frequency residual odes. Th c
' ac umption is that thesinertia and damping forces for the higher frequency sét of
arc much smaller than the corresponding stiffnegs forges, andsthus*can be"n l
i.c.. mg=cq<< kq This can be considered as equivalent, te the- generaliz
‘b( oming zerg for.those modes: whose remdual flexibility effects only ‘are’
I considered (ref. 18). Figure7 shows these effecti on, thes response’ 0
bsmg]n-degree-of freegogl system and the errors iha'i can L ocguL, . ® 2 & W
} vvi“."‘ MR A
| For this example, residual effegtagave valid Wheén thé forcmg frequencies ar
} than the actual resonance fwe‘cgoﬁtlm mode whose remaug‘l flexibility eff .
} are ineluded. Fof*a multxdegrw~ef -freedom system, ‘where modebfo upling ogcurs#t
| region is rather fll- deﬁned abu;: the frequeney of sinterést™ must ch less thamw the
. resonance frequehcy of ﬁle last mode: expkc::tly'uicludege cNea pd; Schwendler
, recommended that the modes explicitly includeéd &hbuld %ll those in theyfrequen
| range from zero to the maxu;u;p frequency of interest”plus the I%ext highen mode.
i

However, if the modes are hlgh ly ‘;:oupl;ed ordhe frequency’ separatlon be‘tweeg W“'
small, a considerably lgrg%r number 8f modes should be indluded’ *
” R g » ® B BSOS
; The equations+used“in” d?ua‘mlc foa&‘s lyes must be ®olved in both ﬁxe
~ frequency domains. +If btlme’hihtory s;iugons ,are obtained, all the' mod s
! included are exciteds Phel¥a e results achievedsbywidicl#difig*es

Fis dependent upon tbwtﬁgt each ex icitlyincluded mode Ha¥ be XCit
!the degree of influene (Enamlcally" de1e d que@ have on theae reﬁl ed mod %

s
.;‘x:ﬂl

k frequencies of the modes whose residual effects on.lx are included, signifiéant errors
P be introduced because residual s’tlffness"foﬁ:eg are included withoutsthe résdli
forces to partlally offget, them. » =~ ©
‘.. s 2 ® ) :
To show the effects, of :es:dmllﬂ’xrbllﬂ:y'aﬂdm modes oximation
dynamic analyses so],ved in thefrequenéy domain, a two-degree-of- freedemm
problem . w1thout f mping . was -modeled” " (fig. 8) and.so}ved for the exaet,”

apprbxﬂnate remdua ﬂipuplh,ty and ﬁca Proxim ate truncated mo olgtigns:
s mE BT 2 : » E = : :
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Magnification factor, x/xs

Phase angle, ¢,deg

3.0r—-/

20 -

1.0 ==

— Frequency range of validity for residual flexibility approximation

/
/

Residual flexibility

/]77//77/7//
x/xg error
TG ///

180 —
\ Actual
90 —
Residual flexibility
/ - J
0 1. 2. 3

Frequency ratio, w/wn

Figure 7.—Dynamic Response for a Single-Degree-of-Freedom System (Undamped)

ﬂ* A a_" Xy

- Fqlt)

NNNN

Figure 8.—Two-Degree-of-Freedom Mode/
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K1=K2=K3=K

my = my =

Fl(t) = ay sin wt

{r wh1¢coﬂesp v_"'f‘:"

2K 1 1

e X = HE

g 1 Ll—((.o/cul)2 3—(w/w1)2J
Ky [
372 1-(@/wp?  3-(w/w))?

(.012 = K/m

! w22 = 3K/m = 3w12

tw MtwwW@chwﬁw awﬁ‘ i

L T I -
a 1-(w/wyp)
wy [
ay] 2 1-(w/wy)

sin wt

sin wt

sin wt

sin wt
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The termstl repre*nt the ﬁatlc effecta ”‘r ; Y
\ 3 .

(. --&f&.‘. @ ”("é" ;

2Ex) = | —L—[sinwt
1 1-(w/wy)

2Ky = [;} sin wt

2] 1 - (w/wp)?

;Aﬁough the ge mertg and dampmg farces are g

assumptions and. are l;gglected for the modes whose residual effe
# this does not mean that the accelerations of these modes are zer@o
small. Thus, to oﬂtaﬁ' acceleratlons, the ,,dlsplacement solutio

twice, ymlémg thw'olwwwg . ® f
w - - ﬂ - ¥ : )
l*‘ - *j g ExactSo]*tfog I i{",}"‘gu z

dh”’.'

i - A B

- 2 2
-&X = — & o 3 sinwt
| 1-(w/wp?  3-(w/wp?|

2K .o wz wz )
-—X2 = % 5 | sin wt
a 1- (w/wy) 3-(w/wy)

ﬁ AT - m g
Re &gl embllmy Solution:
‘?‘-“w.“f‘_‘ ORI “'
2 27
——&XI = __w__2+wT sin wt
1 -(w/wy)
2 27
—2—KX2= = 2-"‘; sin wt
1—(w/w1)
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T e - -

- Modal Truncation: (uzs i, = 0) "

ot . e -

i

2
—2—KX1 = [____w_i sin wt

- -&X i 2 sin wt
ap 72 (w/wl)i

- . ‘% .wm . ~»—W»} ; .
These solutions ma}ovﬁl graphically in figures 9 anmd 10. When the model includes
viscous damping,*sthe solution 'beeame!g cdnsx@razly ‘more complicated: Thls problem
was formul wflvp& on, compu anw reydt@ for thm hcelgent §
and accqler%t:ﬁf Wn s h»are éw i &a - 5
e ‘ o o N O T

. ‘" ‘C L 2 3 ’ i ‘ '0' k.
r The results slywn in figures 9 tl;ough lllllustr‘ta‘thbfoﬂmmﬁrantg g .

[ e For statie reapomer calculations’ oﬂbat
? # static, tga reud exibihty o‘ ﬁa ‘ Qts ’nﬁ
' aconra,tp pbottsjor the r *au
in calcu.latpxg lac w Iﬁ c ns e
r- t;'un a l& 90‘ @ g w ‘

',
. e® 0" "0

L Ay * sy
!, resldualﬂepﬁg P m ejé

' R e

&
the exact® solu W
1ncludetf in‘the sy
solution at a'lower
resonance eﬂcy (

~ modal® roacys

tamr ‘l'. q‘&ons for tbe exact and

. t‘; ‘ierelﬁ the .accalerahon, the M

_‘apprcnna tyasﬁuam e,lrewexwy”ﬂtwe:ver Esigy )-.

. solutions are uﬁ abfrgli’ vfm‘h ui [ e
* e 570 0 SN
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First natural frequency (w.l)/ [— Second natural frequency ((_..;2 =\/§ w1)

Displacement of mass 1,

Displacement of mass 2,

2K

3

Exact

— Residual flexibility

_— —— e — — — — — —

N\
\|\\ _____ :’)— _——

— Exact

Residual flexibility

—_—

— e ] | 1,1 |
)
@ 3w, 4w, 5w, 100,

Frequency

Figure 9.—Displacement Response for a Two-Degree-of-Freedom System
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First natural frequency (w1)

Second natural frequency (w ='\,3w )
2 1
4 — y ; I/—

oo
| / Residual flexibility
[ | v
3 3 -
% ' | 7 Exact
E. =
5 X \‘
c N‘_ | l
: \
é’ \\ \P // Truncated
~
. \ /T - —f e~ —
\ /
| 4
l \
U
0 4 | ] 1 { ; |
i

4

3 -
o~
o
2 . ~_ 2 -
Tk
<

1+ B _»_

5 | | l |  m—  —— =

Frequency

Figure 10.—Acceleration Response for a Two-Degree-of-Freedom System
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v

First natural frequency (w1)

Sr
Second natural frequency (w2 - \/—3 w1)
| |

2 Exact
E 2 . §;,=0.2628
,z ><'_ §'2 =0.1432
£ Xle — Residual flexibility
g
g
a 1 Truncated

0

5

4
: _ 3
5 X
c
S v -~
© | ©
S
8 2
<

0 Wy 2w1 3w, 4w1 5w1 10c‘o1
Frequency

Figure 11.—Response for a Two-Degree-of-Freedom System With Viscous Damping
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frequencyTand al%6 aonvergence’ﬁt’ H{é PSD parametée (for mple,ﬁtm eric .
turbulenc& decreases as. appmxlmate‘y“( llfreq)z) Wnseque'ntly, mdeﬁose -
frequencies are slightlyshigher ,ﬂxan this finite seutoff vglue, as “well “as tho hW
frequencies fall ‘In this range, must be included to prevent significant errors fro.bew
mtroduced into the analysis qhen residual flexibility gpproxlmatlons are in

can be seen from\ﬁgures 9, 10, and 11, the error introduced by usmg?estdual-ﬂexﬂnl %

| approximations is much larger at frequenmes above the reasonance fr&;uencyﬂmg‘ha

j error if the mde is left out, as in truncated modal analyses. Table & summari e
‘ results’of the p.eceﬁng.exaapl“ as the forcmg frequency approache? 1nﬁmt; W’

.

e ] g

Table 1.—Response of an Undamped Two-Degree-of-Freedom System
as the Forcing Function Frequency Approaches Infinity

(W =
Solution X, Xy X4 X,
Exact 0 0 F(t)/K 0
Residual flexibility F(t)/6K F(t)/6K o o0
Modal truncation 0 0 F(t)/2K F(t)2K

' In generdl, ﬁor dynanuc lg@cﬁ an&ses the prunary value ‘Bf rM fbblhtw &

i is in the modeling “of all elastic¥effects in the ngld dy response of the
. However,ssince it is necessary tovhave«modes _explicitly included whose freguincies:*
, range from zere to a level higher than. the maximum frequency of interest which is® |
! itself fairly high (order of'15 to#20 Hz), the increased complexity of including ‘residual
!effects “rather than using truneated modes, is not justified. Because of thi increafed -
#complexity and uncertamty ‘at what frequencles the" solutions become mvahd it*¥is -
Precommended that this technique not be employed for dynamic loads analyses and that
tonly-truncated modes‘be used.with.a sufﬁc1ent’ number of modes included to’encoﬂpaas
e

. the highest frequency of ‘interest.in order to have reasonably accurate res
! | addition, the modes considered must include'at léast onesbending and one&ors
,fon each lifting sufface. This is. requlred to obtain the glastic effects of'all‘
hndudmg cases where the structu.te is dynamlcally stiff'but statwa'fly ﬂexnble
| AEPPPRI——- N.W .

Al il i il st
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<

‘ ’?AEGPE}I'Q t l§ *

The followmg modlficatlons ortaddltlo \:o the ,FLE)& ch to
\
provide the capablhty to ad@qua?l‘perfom‘dxnamlc MIMS ﬂ ‘ %
& % ¢ ;
'3 Modxfy the slender body elasti zaunii rqn’eséntatl‘n‘o allov‘aku‘v‘d ‘ ‘
located elastic axis. . ‘ - " ‘ ‘ ‘ i
% 4 .t ‘
e  Modify the slender body m epresen on to i dq se
off the 'elastlc axis. 6‘ ¥ & ta(} ;lg
" .
% .
® Modlfy the tth body!masgr sql&tkn 'élu&e {r?&aas‘s’
rotary inertias. . ;3 3 %
: =% ‘ ; x b ‘ ‘u

s 5 ¥
e  Modify the aerodynamic reference po;nﬁ mterpo;aﬁm routin‘
) pnd rotatxon slope changes batwe,en struq{u.ral node§

'’ % %
] Modlf eﬂeﬁnbﬂnty matrix fprmulatlo to‘all’oz c‘lcula%i&

ro ns ‘momen ulad ition to
% LY fo:fes‘ \d‘ ‘0 t‘ ®

' \

- Inc{uq the cagabﬂi%y oftgm‘g canukwgrﬁa& \lyﬂe ‘niy‘s
o | Mo@(ﬁﬂ\m grogram to te exth‘r ﬁaétlgvv hee-f‘ewi \
c&de the c@aﬁlhty tohc & eq co S
l‘ 3} :ﬁzﬁ %sm;l :;t ::t:‘] b%ei lx#&r‘ !
2 ¥ 4 3! W \ :
° 5Add thi (*&aty to mih&e\fh‘ %S r%regeﬁta‘mc ‘ ‘e\‘a o* ” ‘0‘ | ;
% A&d a *ﬂs&utlon routme t%s!}ve the‘qgaaons %’ qo&on agd‘o 5q

thg fkque‘c‘domam ‘ % \
o Add Kiiss ex‘and W‘g¥r 1}&"3‘ li’t w]p 'ifugctxol‘ ‘) re&-‘e&

aerodyn‘mcs 5 :
. Adg the Eil‘llq é, ? ‘t &equ;:l;m. 5 g\ } \l b} \ ‘g‘
" Allow‘the use ”of tr o *v& \ldual “x l‘y

approx;mat}ons for‘t modi 3 ng dybamlc
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- - - p—— ——r @__-,—’* - z - -~ - "
Implementation of these mo! ficatéens or Qddltlgns to the FLE)STA&CPS will make it -
suitable for dynamic gust loads provided that,if a SAS system is included, it primarily
influences only the+low-frequency rigid body airplane response. However, the Kiissner

and Wagner indicial lift growth.function representation of unsteady aeroﬁynamics is not

. satisfactory for analysis of aircraft where mode suppression or flutter suppressmn with

e

| active controls is required. This tgpz of analysis requirgs accurate phase and magmmde

relationships between modes, which requires a more exact unsteady aerodynamic and
structural representation as outlined in reference 2. The advaptage of the analysis
system outlined «in reference 2 over this system is_that it is satisfactory for dynamic
gust loads analyses employing techniques such as the Kiissner and Wagner unsteady
aerodynamic approach and for both dynamic gust loads and active control analysm
using more exact theories. It thus ‘appears that 1mplementat10n of the sygtem prq:oosed '
in reference 2 is a much more efféctive gpproach than would Iesult from J,mplemmkatlon

of the required changes determﬁxed fwm thlmtudy ~ & - ., ", o <
- - -~
» > -
Boelng Commercial Alrplane Gompapy o . - By o .. » . .’
P.0. Box 3707 . "o 29 "Wy W% 4
Seattle, Washmgton 9&124 Septemb:r 19754 C ta Yo p WD 4
pe— > : 2 S i " - -’ :..n‘ .
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« + . APPENDIXA *

- > -
EQUA'TIONS OF MO’I‘ION INCLUDING THE WAGN‘ER INDICIAL
“LIFT GROWTH FLLN'CTION IN STATE FORM

f

§ >
‘ - - - . - " N ” ) ES .~ : : * » .
!When an unst.e&dy aq'odynam!c mpresenﬁtlon n,smg indiciad hﬁ: dwtrf\mcgons is
’conslder,ed the dyn.nc etnlﬁ:lous of motlon forwan a1rc1‘hft may be.wntt&mn the form ,

- - = o >

-

Dbt » oo+ 300+ Pl + [t - (cabees an
et~ o ",‘ % :,.,::«u - ;“;
- o gy
k : ; [Mll *?? %tura ‘tlw :‘ g
) [Mz] ’guerﬁze‘&d&@g man‘ ‘ Q, - ‘g
-

‘g
iy

4

Iy
f s
A
& ¥

| :’;‘::

Y

,.(
o
4

‘..gw - qb)n‘%q(m@‘ i g "y 3 '
- . - “
g 1 ‘? - -
L ot oy & o, g ey

q(0) = 4(0) = ay(0) = 0

Llq®)] LIF®] = L[} a(r) F(t-7)dr]

3]
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{‘ Then the Laplace transform of‘equation (A-1) Is .

, T [M1 +5My +52M3 + (Mg + sMg) s - $(s)]|a(s)} ={C3} Ts) "5 V) (A-2) |

1K i N —
= where ;{8) =£ ‘ ] etc_ < P 5 -y F - . b
- [ ] o L 2 " = :’" » ' = ‘Q' "’ o - - - . ¢

1
i
. Consider an appropmatloﬁ to“tthagner mdiclal hft growth functlom havmg the form j

-t t
¢ = a;-bje 1 —cleqﬁl

d(s) = ay/s-by/stay) -cy/(s +By)

s-§(s)= aj -5 by/is+ay)-s " cy/(s+By)

— m—— % - T ——— T v T S—_——
efine vectors T to write the Wagmer fﬁdigal%nctwn‘ﬁx state
et ARG} = B/ apfac) K

ar{Ta(s) } = 1/ +Blacs)) !

| Subst:uﬁ'e ggguatlonTA 3)Tnto equatlgn (A%),,then :quatlons fesmbmg the system are {
.- : m’ [Ml +sMy + SPM(T) )+ 2 - [Mg + sMg{a(s) -7 (5) - o))
:"'“ E? ={F1} 3o s 96

1 seb{a}) = ap s srapffe)
s+ cp{a® }= ap - s +BpfFs)
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"Q -_T “amm . _he ' e ot v s gt Saat R S
wbcre equa’tlgp*( A- Z) yepresents 5h§ gquanons of mo;,lon with, the Wagner ‘indicial lift
growth,_fungtionein Otate*fq;m,andaequﬂtlon’ @- 5)¢elahs l&p’i]‘un&mn vectors
} T, () to the ge?le;é‘ﬁ@(f caordmates (N & * .52‘ ':“. , ¢
» & & ¥ . > sn' -
In expaﬁde&:g&x;f. orm, equatiblg ?A#de (A-5J tegomg & 0 D e
ol “ ‘“ s - ”—M _" J . -

in B " LFz J

-
M1 + M _ W rcw
M, My 4 a 3
+ a1, {7 = {0} SV
alﬁ1 r2 0
L y . J _

33




“Page missing from available version”




8-1/2

_| 8-1/2 X 11 INCH CROPS

A E & LALES v«vw R .
5"1',“%’0‘ ,.‘;I%EFERE§ A
SERR TIRARN T i\lk

Ls A biethod for Predicting the S s dia&acte ‘c r&’as ic *Eqno, NASA %
h cnangnz 114&715 v% wﬁg %W‘ i‘ *\M‘ N ‘
Wy Volume |_FLEXSTAB Theoretzcal Description. Wnhsh CR:1 7‘12‘ A

% \;olume 2—FLEXSTAB 1.02.00 User’s Manual. NASA CR- 1 %
4 Volume 3—FLEXSTAB 1.02.00 Program E‘esgnptwn NA %147 4, é

grlme 4——F€,&}(SET‘?B 1. 02 OQ Demonstngz?
;z’b

Mllle R,]% Rlc d M and'Rogers ii leménting Unsteady
; Aerod m§ %n& e LEX NAS R132530, !
" 1974, ¢4 ‘ FEREY
i d 3 e “ -

3 Sav ns, «Q Jr Basic Feedback Control System Desgn ! ; :é'-;'-,:”%
4

) 1958
43 nplﬁaolt ¥ c s;eigeﬁ R; yr&thf‘ G f&lgest
Atmosphenc‘ Turbulence Incfu ng Fh%tt D&a n gu‘ a{z

Qﬂtm LY *“"“"Pm Pﬁuw

m
i e U \%{:‘; ﬁ‘%a ; "t

| &
’?

\\\

35



2 X 11 INCH CROPS

—
t/'t and oment Functions

hl‘ ‘fl})): ll:o’-gzr )szons F(n‘ &ga?P‘th rt ‘:gu a; cil‘; _é‘rs 0.5 .and 0.6.‘ |

& 4934 !

3 e 2 Gra;‘W L.; gnd sp nk, gm A mthoaf. Cauuhnnw subsoﬂtc Steady

t- Sttegl.oading, on u zrplanNztﬁaﬂmgﬂHerz PlW‘m a d'Stzﬁ'ness

» . - - Ta -, * ‘

i 5. ilogbolt..John (‘9 “ind Korfles, Flden Ew &ructw'a? RespdMe (3 Discrete and
. Cormmuws Gusts Of afA-zrplme Havigg Wing-Bending®™Flextbility and a

! @)rrelattqg of Caf ulated Mhd Fligthesult.g'NAQﬁeport } 1954. . -

)} - - - = e -

ﬂ 6,Manro,,'l\f E,; ﬁ‘lﬂbco €. N,; Bobbltt g 3 and Rogeg & T. Qampawns of

b ,Theqretzcal aﬁ ExpPimentals Pressu'e DJs?;;butwﬁ on dam Arro&ng

i .ponf"guratwn d¥ Trdnsemic Speggs. ‘erodynwﬁ A ‘lst ReqyggingwAdyanced

| @ comwters N:ASA sp!su 1975; pp 114)- ﬁs,s Q ..u X : . -
? Stauﬂar W. A% LevVo].J @; gpd H,gbft F. M.Apﬂ calion vvaanced Methods

P‘ to thé'Dete"mmatw'Qf,Desgn Loa@ Of the Ldbkheﬂ 1 OHT‘;sta&, AA no.

72-5-1979 . = - - ® ., & e .
"~ - b ‘ , . T e e = L
"'TS &hmndl’@r,aR Gw an éﬁeal H.: %pﬂmuﬂ &ructwal Rep‘gsentatzon in

,’ /l;r'mlafﬁ:Anaiy' ASD gR 2! 19620 . ., * & L
8 - . ”‘ ‘ - ’ ’ - "

.






