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and indicates trends ^itnen parameters are varied. Fighters, bcanbers, and cargo 
aircraft can be analyzed by the program. Hie program operates within 100,000 
octal units on the Control Data Corporation 6600 computer. Two stand-alone pro­

grams operating within 100,000 octal units were also developed to provide 
optional data sources for SWEEP. These include (1) the flexible airloads 
program to assess the effects of flexibility on lifting surface airloads, and 
(2) the flutter optimization program to optimize the stiffness distribution 
required for lifting surface flutter prevention.

The final report is conposed of 11 volumes. This volume (volume X) con­

tains the methodology, program description, and user's information for the 
flutter optimization stand-alone program.
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The final report was published in 11 volumes; the complete list is as 
follows: 

Volume 

I "Executive Sl.Dllnary" 
II "Program Integration and Data Management ~ibdule" 
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Section I 

INl'ROOOCTION 

The structural optimization program (STROP) was developed to provide 
classical flutter stability of an airfoil at a given required speed with min­
inrum structural weight consistent witt strength requirements. STROP was pro­
granmed ½o obtain flutter stability in one pass through the digital computer. 
Incremental structural changes are automatically perfonned in each iteration. 
The criterion for these changes is based on the concept that the 100st efficient 
distribution of st1uctural material for a given loading is one that provides 
tmiform stress or constant strain energy per tmit structural vollDl!e throughout 
the deformed structure. The defonnc.,J structure occurs in the critical flutter 
100de, which is autCJ11atically calculated by STROP. 

To achieve the optimized structure of an airfoil, SffiOP requires the 
establishment of a structural mathematical model and calculates the necessary 
vibration 100des, flutter analysis, and strain energy distribution in the criti­
cal flutter mode. These processes are discussed in Section II, ''Methods and 
Formulation, " of this vollDlle. 

STROP has been coded in FORTRAN IV language for use on the CDC 6600 digi­
tal computer. Core storage usage for this program is under 100,000 octal word 
units. To stay within this storage capacity, the program sets up a mathematical 
model for up to 15 control stations and uses disk storage for intermediate data. 

The description of the program, its subroutines, and listings of flow 
charts are presented in Section III. Program usage is detailed in Section IV. 

STROP is Jesigned to accept ptmched cards from the output of the basic 
ShEEP program (refer to VollDlle VI) to provide a convenient data input for SfROP. 
'The output of STROP is also designed to produce data in the form of punched 
care.ls for SWEEP to replace its preprogrammed flutter requirements, when selected 
by the user. Initial data from SWEEP consist of plan form an<l structural 
georretry, bending (EI), and torsional (GJ) stiffnesses for a strength-only 
designed wing, as well as mass and inertia. 
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Section II 

METIIODS P;ID FORMJLATION 

STRUCTIJRAL M/l THEMA.TICAL M)DEL 

STROP calculates vibration modes which are incorporated into a modal 
flutter analysis. These rr~des are determined by means of a lumped parameter 
system that involves sectionalizing an airfoil into an appropriate m.unber of 
strips extending from the leading to trailing edges with sides perpendicular 
to the airfoil ela~tic axis (EA). The section mass and stiffness properties 
are formulated into matrices representing inertia and stiffness forces at 
selected spanwise points. The three-degrees-of-freedom of each of these 
poi its - translation, spanwise slope, and chordwise slope - characterize the 
motions of the corresponding sections. 

The georetry of a sample airfoil mathematical model is illustrated in 
Figures 1 and 2. Figure 1, which is a planform view of an airfoil, identifies 
the EA, front spar, rear spar, and section centers of gravity (CG's). Fig-
ure 2, which represents a typical cross section of the airfoil perpendicular 
to the EA, identifies the required structural box georetry used in the computer 
program. 

CONTROL STATIONS 

SfROP requires control stations (CS's) to be set up on the EA. The posi­
tions 0f these CS's are determined by the intersections of the EA with lines 
running perpendicular to the EA from the CG's of the section masses. Addi­
tional CS's are added to the mathematical model as needed to account for 
stiffness insen:s, added masses, and EA sweep angle changes. The first and 
last CS are used 2s reference points only, and no masses may be asst.uned at 
these points. The first CS must be at the most inboard end of the structure, 
and the last CS must be at the most outboard end of the airfoil. 

The intersection of a given mass reference line from the CG of any 
external store or added mass with the EA is defined as a CS. This CS may 
coincide with any other CS except one that is used t o designate an EA sweep 
change. 

If root stiffness is required for the airfoil, CS 1 and CS 2 must be 
positioned at the root with zero distance between them. A mass may be assumed 
at CS 2. 

6 



0 Centro 1 station 

0 CG 

Figure 1. Sample structural mathematical model. 
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c_CB bo_x chord J 

j LT skin gage 

Figure 2. Typical airfoil cross section. 

If the airfoil has a structural discontinuity (e.g., an outboard 
all-JOOvable panel or a pivot point), a stiffness may be inserted by asst.uning 
two CS's at the same position on the EA. The length between them must be 
zero, and the stiffness must be placed at the outboard CS . 

INERTIA FORCES 

The mass data requirements for eac11 section include the total section 
weight (m), the CG distance with respect to the EA (d), the total roll moment 
of inertia (I(p) with respect to the CG about an axis perpendicular to the FA, 
and the total section pitch moment of inertia (I&~ with respect to the CG 
about an axis parallel to the EA. These data are incorporated into a third­
order mass matrix (~'R) which becomes a subarray on the diagonal of the total 
airfoil mass matrix (~le). 

m 0 

0 I<t, (1) 

Jm 0 

8 



where 

n = the last mass section 

All mass additions, soch as external stores or balance weights, are input 

to the program as third-order matrices. The third-or<ler matrix (MA) for a 

given added mass is added to the values already existing at the same CS or 

will be placed in the proper location at a new CS if selected. The matrix 

(MA) is calculated external to the program using equation 3 and the tenninol­

ogy of Figure 3. 

CG CG 

LE l 
EA 

_ ____--:; 

cs 

a 

~J 
b--+I 

TE 

TE 

Top view Side view 

Figure 3. Geometry for mass addition of an airfoil section control station. 
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m am sin~ am cos>.. 

(3) 

'2 am cos>.. (ma - I<I> + 18) sin 'A. cos 'A. 

where 

b2 2 . 2 s
1 

= + a sin A 

2 2 2 s2 = b + a cos A 

As indicated in Figure 3, the angle ('A.) is the sweep angle of the EA at 
th~ control station, the distance (b) is the length in inches that the mass 
CG is below the airfoil plane at the CS, the distance (a) is the length in 
inches that the CG is aft of the CS, (m) is the mass of the mass addition in 
pounds, (I<J,) is the rolling moment of inertia (lb in. 2) with respect to the 
CG about a streamwise axis, and (19) is the pitching moment of inertia 
(lb in.2) with respect to the CG about an axis perpendicular to the airstream. 

STIFFNESS FORCES 

Stiffness data requirements for STROP include the bending and torsion 
stiffness values of the airfoil defined in terms of EI and GJ at the begin­
ning and end of each beam element, the beam length (l), the sweep angle ('A.) 
of the beam with respect to the adjacent inboard beam, and the average 
chord (c) and average depth (t) of the structural box. The normal stiffnesses 
that are assumed in the program require that the EI and GJ at the outboard end 
of a beam element be equal to the EI and GJ at the inboard end of the adjacent 
outboard beam element. 

In the development of the structural mathematical model, each beam ele­
irent is treated initially as if it were fixed at its inboard end. A third­
order stiffness matrix (KR), as defined by equation 4, can be written under 
the asslDTiption that the stiffness varies linearly along the span of the 
beam eleirent. 

z z Z/z Z/¢ 0 

~ = L/z L/¢ 0 

(} R 0 0 

10 

z 

¢ 

8 

(4) 



where 

z, Z • bending translation, shear force 

</,, L = bending slope, bending moment 

9, M = twist angle, twisting moment 

The elements of KR are expressed as functions of the inboard (ib) and 
outboard (ob) stiffness properties as follows: 

where 

L/z = Z/¢ = -;:2 [(EI)ib + 2(EI)
0
b] 

L/</, = y~ [(EI)ib + 3(EI)
0
b] 

~vo = 2 [cG.J)-
1 

+ 
l ib 

-1 
(G.J)-1] 

ob 

(EI) ib 
Y=4+---+ 

(EI) ob 

(EI) ob 

(EI) ib 

(5) 

The KR matrices are use<l to calculate the strain energy in the critical flutter 
mode as well as to calculate the vibration modes. 

The stiffness matrix for the complete airfoil is formed through a coordi­
nate transformation matrix C~c) that synthesizes the beam element stiffness 

matrices (KR) to form the complete stiffness matrix Cit)· The matrix (DRC) 

and its transpose relate the relative deflections, qR ={z, </,, o}R, and 

loads, QR= {z, L, M}R of equation 4 to the integrated deflections and loads, 

qc and QC, to give equation 6. 

(6) 
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The total stiffness matrix for the airfoil (KC) can be written in tenTlS of 
equation 6 as follows: 

where 

~=matrix of subarrays (¾), one for each beam element placed 

along the main diagonal 

(7) 

The transformation matrix (DRC) can be written as a lower triangular matrix 

shown by equation 8 for a three-beam element structural example. 

I O 0 

where 

I = identify matrix of third order 

-1 - !.cos A. - 1. sin>... 
1 1 1 1 

h. = 0 - cos>... - sin>.. . 
1 1 1 

0 sin 'A. - cos 'A. 
1 1 

The inclusion of root stiffness and stiffness insertions i s achieved by 
expanding DRC and KRR appropriately. 

VIBRATION ~ODES 

(8) 

The vibration equations of motion for a structure with free-free boundary 
conditions can be wr itten in t ent\S of MC, KC, and the rigid body modes, D0, 
as follows: 

(9) 
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where 

M0 = rigid body mass matrix 

w= vibration frequency 

The rigi<l body modes are automatically calculated by STROP. Vertical transla­
tion and pitch degrees of freedom are used for the syrranetric case, and roll 
is used for +~e antisymmetric case. 

Equation 9 is refonned for STROP to obtain a 5yrranetric dynamic matrix 
for solution. The lower triangular inverse of KRR (equation 4) is fonned 

directly from the elements of equation S, and the inverse of DRC (equation 8) 

is fonnecl directly from the basic geometric input data. Equat i on 10 expresses 
these changes based on the expression for Kc from equation 7, 

(10) 

where 

ER\= lower triangular matrix 

ERI\J = upper triangul ar matrix, E~ 

Substituting into equation 9 and letting qc • SC tc, where tc i s a new set of 

coordinates, the symmetric dynamic matrix of equation 12 is obtained. 

13 



t = 
C 

(12) 

The roots of equation 12 also satisfy equation 9, and the solution vecotrs (T) 
of equation 12 must be transfonood to the original coordinate system to give 

the solution vectors ~:) of equation 9. 

(13) 

The rigid body rodes solution coefficients 01) are obtained from equation 14. 

The total motions of the original coordinates 01A), are a sununation of the 

rigid body degrees of freedom and the relative degrees of freedom of equa ·­
tion 13. 

(14) 

(15) 

111e cantilever condition with or without root flexibility occurs when M = Mc 

in equations 9 :mcl 12. l11e vibration modes are the vectors 01c) of 
equation 13. 

For reduced compmcr time in the flutter analysis and for simplification 
in programming, the vibl·ation modes arc scaled so that the generalized mass 
for each mode is unity. J f the gencralizcll mass matrix (m ) , which is a 

g 
diagonal matrix, is definC'd hy cqmtion 16, then the scakd modes 01

5
) can be 

def incd by equation 17. 

(16) 

(17) 

FUJ17TR :\'l,\LYSTS 

lne modal approach is used in the flutter analysis to obtain the speed 
(vf) at which the airfoil goes unstable during each cycle of the iteration 

process. STROP automatically selects the spectrum of the aerodynamic fre­
quency parameter (k) based on the frequency range of the vibration modes 

14 



selected. The flutter solutions of the dynamic matrices for every other value 
are obtained tmtil a roode goes unstable; then the program automatically 
switches to every k value. The solution is turned off when the flutter speeds 
of all the roodes for a given k value exceed 175 percent of the required speed 
(v ). The program then searches and converees on the flutter nnde that just 

req 
goes tmstable at the lowest speed at newly calculated k values in the range of 

interest. 

MDAL EQUATIONS 

The flutter equations of m:>tion are expressed in matrix fonn by equation 
18 for the free-free case. 

where 

A= aerodynamic coefficient matrix from strip theory 

P = density of air 

f = vibration mode frequencies 

A= complex eigenvalue 

qf = generalized flutter mode 

15 
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For the cantilever case, equation 18 is simplified to equation 19. 

(19) 

The solutions to the flutter equations 18 and 19 follow the method of 

Danilevsky (l) in which the complex dynamic matrix is expanded by double 

precision arithmetit into its characteristic pulynomial, an<l the roots (Ai) 

are resolved through a Newton interpolation scheme. The damping coefficient 

(g), the flutter freq:iency (ff), and the flutter speed (vf) are obtained 

for each rode from the following expressions: 

where 

AR = real part of the complex root 

AI= imaginary part of the complex root 

h = re ferem:c length, inches 
r 

l11e eigenvector or ch:u:icteristic vector is calculated from the original 

dynamic matrix through the use of a mo<li fic<l gaussian redoction process on a 

linear set of equations. 

Since the eigenvector of interest occurs for the mode that goes l.Ulstable 

at the lm,·est speed, only one eigenvector per eye] e of iteration is calculated 

by the program. This eigenvector is obtained in ·~he generalized coordinate 

system r~ equations 18 or 19. 

(1) Faddeeva, V. :-.J., Computational Hctho<ls of Linear Algebra, Dover 

Publ h:a:· ion, 1959 
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The oscillatory aerodynamic coefficients of matrix A in equation 18 are 

calculated from the theory of Theodorsen (2). These coefficients can be 
modified to reflect the effects of aspect ratio, taper ratio, sweep, and 
compressibility. 1 .. ~ coefficients are modified by the use of appropriate 
local aerodynamic center (AC) and lift curve slope (Ci). The local AC 

a 

location an<l c1 are introduced into the program by including the distance 
a 

from the .\C to the EA an<l the c1 value per radian for each control s~ation 
a 

(CS). In addition, the local stre;unwise chord at each CS is required. Data 
for the first and last stations are omitted as in the case for the mass data. 

CONTROL STATION (CS) BOI.JNDARIES 

The spanwise aerodynamic strip width and spanwise structural box width 
for mass evaluation are specified by selecting the appropriate CS nwnbers. 
ThP-~e CS nlD'llt ~rs are used to describe the inboard and outboard bolUldaries of 
each aerodynamic strip and stnx:tural box. The example of Figure 1 is used 
to describe the selection of the control station boundaries. This example 
has 15 control stations, 13 of which are active, with CS 1 and CS 15 being 
inactive. The root stiffness is assl.D'Tled at CS 2, and changes in .;;weep of the 
EA occur at CS 6 and 9. A possible selection of CS nwnbers for boundaries 
for each active CS is as follows: 

cs Inboard 1 Inboard 2 Outboard 1 Outboard 2 

2 0 0 0 0 
3 2 2 3 4 
4 3 4 5 5 
s 0 0 0 0 
6 0 0 0 0 
7 6 6 8 8 
8 0 0 0 0 
9 8 8 9 10 

10 9 10 10 11 
11 10 11 11 12 
12 11 12 12 13 
13 12 13 13 14 
14 13 14 15 15 

(2) Theo<lorsen, T., "General Theory of Aerodynamic Instability and the 
~lechanism of Flutter," , ,\CA Report 496, 1935 
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The selection of zeros for CS 2, S, 6, and 8 provides zero length for the 
structural box as well as zero width for the aerodynamic strip. The zero 
length for CS 2 is associated with the root stiffness, which is not considered 
part of the structural box. The zeros for CS Sare needed to account for the 
flexibility insert. The zeros for CS 6 and 8 are needr.d to reflect the 
changes in sweep angle of the EA. The structural box for CS 3 starts at CS 2 
and extends outboard to midway between CS 3 and CS 4. The structural box for 
CS 4 starts at midway between CS 3 and CS 4 and extends outboard to CS S. 
The structural box for CS 7 starts at CS 6 and extends outboard to CS 8. The 
stnx:tural box for CS 9 starts at CS 8 and extends midway between CS 9 and 
CS 10. The boxes for CS's 10 through 13 extend from midway between the pre­
ceding CS and the CS under consideration to midway between the rs under 
consideration and the subsequent CS. The box for CS 14 starts midway be~ween 
CS 13 and CS 14 and extends to the tip station CS 15. TI1e corresponding 
aerodynamic strip widths are equal to the structural box widths nrultipliec 
by the cosine of the sweep angle of the EA. 

It should be apparent that the proper selection of these boundaries is 
required in order to include the entire airfoil for the aerodynamic forces in 
the flutter analyses. These boundaries are also required for the calculation 
of the structural box v01Lunes which are used to determine the structural mass 
properties and to evaluate the strain energies per unit structural voltune of 
the berun elements in the flt1tter roode. 

STRUCI1JRAL OPTIMIZATION 

The heart of the optimization part of the progrrun is the criterion 
which follows the well known structural cor,cept that the roost efficient 
distribution of structural material for any loading is one that will provide 
constant strain energy per unit structural volume (e). Furtherroore, the 
minimum structural weight will be obtained when the criterion is satisfied. 
As applied to flutter of an airfoil, the cri terio1) must be satisfied for the 
relative values of e over the entire structure in the critical flutter mode, 
the one that just goes unstable at the l owest speed. However, since strength 
requirements must be satisfied, and since the strength desi:,1 is the usual 
starting point of the progrrun, only stiffness increases are permitted, and 
the criterion of constant e over the structure can be approached but not 
fully satisfied. 

The relative strain en0rgies for each berun element (E) can be expressed 
as the product of relative deflections (pf) and loads (Pf) as expressed by 
equation 20 

(20) 
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where 

Pr· vc qf 

- T 
pf= qf VC 

qf = complex conjugate of qf 

l l = diagonal matrix 

The loads can be described i'1 tenns of the beam element stiffness to give the 
expression of equation 21. 

(21) 

The structural volume (V5T) for each beam element is calculated by STROP 

using beam length (l) and the inboard (subscript R) and outboard (subscript T) 
values of the box chor<l, depth, and skin gage. The box chord (C8), depth (t), 

and skin gagP. ('T) are assumed to vary linearly along the beam element. The 
tot'll volume is expressed as a Sl.D'n of the top and bottom slabs (V1) an<l the 

side slabs (V2) of a typical structural box as shown in Figure 4 and defined 

by equation 22. 

Figure 4. Typical structural hox element. 
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V 1 • I [ CR ( 2' R + 'T) + CT ( 'R + TT)] 

V2 • J/3 [(1ii - 2TR) TR+ (tT - 2TT) TT+ 

+ [(1ii - 2TR + tT - 2TT)(TR +TT)] 

VST = vl + v2 

(22) 

The skin gage(,) is detennined from the cross-section geometry and the 
bending area 111Jment of inertia (I) as shown by equation 23. 

where 

(23) 

fJ = 

The strain energy per unit structural vollDtle for the ith beam element (e.) 
1 

is the quotent of the E of equation 21 and the v51 of equation 22 as shown by 
equation 24. 

(24) 

Skin gage adjustments are made whenever the required speed exceeds the 
calculated critical flutter speed in any cycle of iteration. The structure is 
adjusted for the next cycle by increasing the skin gages of those beam elements 
that exceed the average strain energy (eAVAV) of those beam elements that ex-

ceed the average strain energy (eAV) of all the beam elements. The new skin 

gages and, consequently, the new structural stiffness and mass are <let~nnined 
from the expression of equation 25, in which the square of the speed ratio of 
the required speed (v ) to the calculated speed (vf) is included. req 
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(e). 
1 (25) 

The subscript i in equation 25 refers to those beam elements whose values of 
e excee<l eAVAV' 

PROGRAf.t CAPABILITIES 

STROP is applicable for analysis of one cantilevered, free-free (symnetric 
or antisynunetric), or fixed-free airfoil. Fixed-free is defined as a structure 
that is free at its outboard end ar.d sprung at its inboard end with shear, roll, 
and pitch springs. The program will handle a single airfoil with rigidly at­
tached stores and with all-roovable airfoil sections. The structure can have 
multiplP sweep changes in the EA. The structural stiffness is described in 
terms of EI and GJ, and the ratio between EI :111d GJ, as initially set by 
strength requirements for each heam element, remains const.:.nt during the 
optimization process. 

TI1e airfoil planforms that can be analyzed by STROP correspond to those 
that are amenable to modified strip theory unsteady aerodynamics. Experience 
has shown that planfoms with medium to high aspect ratios and rnediLDTI to low 
sweep angles are applicable. The speed range of applicability extends. to the 
high subsonic/low transonic mach range. 
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Section II 

PROGRAM DEOCRIPTION 

This section contains a listing and an auto flow cnart of the STROP 
computer program, as fonnulated in Section II. In addition, a flow chart of 
the major subroutines is shown in Figure 5, and a description of the opera­
t ions of each subroutine is given in Table 1. 

SUBROlITINE FLOW AND DESCRIF'I'IONS 

The MAIN or execut ive subroutine provides for the initialization of the 
five intennediate data storage disks and calls for the major subroutines, as 
indicated by Figure S, to perfonn the optimization process. The first sub­
routine called by MAIN is DATAN, which provides for the reading and listing of 
the control, stnictural, and geometrical input data. DATAN also processes 
some of the data for the stiffness and flexibility matrices, which ~re 
generated in the SfIFN subroutine, and for the mass matrices, which are 
generated in the MASS subroutine. The VIBRN subroutine is called next by MAIN. 
Here the vibration modes, in teTITlS of the modal vectors, frequencies, and 
generalized masses, are calculated and fed through MAIN to the FLTR subroutine, 
in which the flutter solutions are obtained. FLTR detennines the mode that 
just goes tmstable at the lowest speed through the subroutine EIGJ, which calls 
for the aerodynamic subroutines AERO and AERO! and the complex dynamic matrix 
solution subroutines, CEIGJ, ROOTS, and CGLSQ. FLTR then feeds the necessary 
flutter data to the ENERGY subroutine to calculate the relative strain energies 
per W1it structu-cal volume. If the flutter speed is equal to or greater than 
the required speed, the OITTPUT subroutine is called to print and punch the 
appropriate data. If the flutter speed is less than the required speed, the 
cyclic process is initiated after new structural box skin gages are ~alculated. 
Control is transferred to ~1'\IN and the process is repeated. 

PROGRAM LISfINGS AND FLOW DIAGl3A\~ 

Pages 30 through 158 include program listings and flow diagrams for SfROP 
showing the operation of the various subroutines. These were obtained using 
the Autoflow process am represent the program as supplied to the Air Force on 
May 15, 1973. Pages 2o through 29 contain descriptions of the coding used in 
the Autoflow process. 
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------- --

• STIFN 

~ DATAN - STRNTH --

-+ MASS 

... VIBRN I-+ SEES -

.. AERO ~ AEROI MAIN -- -
-

.... FLTR .. EIGN ----
~ ROOTS 

~ CEIGN i,.... .. CGLSQ 

~ 
.... 

OUTPUT ENERGY -

Figure S. ~la jor subrout ine fl ow chart. 
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AERO 

CEIG-1 

CGLSQ 

CMJLC 

OULR 

DATAN 

TABLE 1. DEOCRIPTION OF ruBROOI'INES 

Takes the output of AEROl and transfonns the aerodynamic coe fid ents 
from the aerodynamic coordinates to the elastic axis coordinates for 
modal flutter analyses. 

Obtains the subsonic inccmpressible aerodynamic coefficients for each 
aerodynamic strip for use in subroutine AERO. 

Calling subroutine to obtain the eigenvalues and eigenvectors of the 
flutter dynamic matrix. CEIGN also manipulates the dynamic matrix 
for use in subroutines ROOTS and CGLSQ. 

Obtains the eigenvectors for the flutter mode by a simultaneous linear 
equation solution. 

Canputes (A] (B] or [A] T [B] where [A] and [B] are both complex. 

Computes [A] (B] or (A] T [B] where (A] is complex and [B] real. 

Reads the- input data and checks for errors related to program calcu­
lation. It also sets up root stiffness and geometrical transformation 
matrices for use in stiffness calculations. DATAN is the calling 
subroutine to obtain the mass and triangularized inverted stiffness 
matrices. 

DTSD Computes [D] T [S] (D] where [D] is real and (S] can be either real 
or complex. 

EIGN Sets up the flutter stability determinant and extracts the velocity, 
frequency, and damping from the eigenvalue solutions of the complex 
characteristic equation. It also finds the flutter mode for the 
critical flutter speed during each interation. 

ENERGY Calcualtes the structural volume and the relative strain energy per 
unit structural volume of each beam element in the critical flutter 
mode. If the speed of the critical flutter mode is below the required 
speed, ENERGY modifies the skin gages of the structure and sets up a 
cycling process to form new stiffness and mass matrices and to perform 
new vibration and flutter analyses. This cycle is repeated until the 
required speed is reached or other means terminate the program. 

FLTR Obtains the flutter solutions for each reduced frequency. Calculates 
and prints the speeds, frequencies, and damping values for each mode. 
It uses an iterative process to rapidly converge on the zero-damping 
flutter velocity. 
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MASS 

~T 

TABLE 1. DE&:RIPTICN OF SUBROOI'INES (CONT) 

Sets up the mass matrix for use in the vibration analysis. It also 
separates the initial nonstructural mass from the total mass for use 
in the optimization process. Calculates initial structural volume 
for each beam element. 

Computes [A] [B] or [AJ T [BJ where [A] and [B] are real matrices. 

NPRINT Prints out a given matrix with a title in matrix format. The rows 
and columns are nlDllbered. 

OUTPlJf Exhibits the vibration analyses output of the initial and final 
iterations. 

RMULC Computes [AJ [BJ or [AJ T [BJ where [BJ is complex and [A] real. 

ROOfS Expands the flutter stability determinant by the Danilevsky method to 
obtain the complex characteristic equation and solves this equation 
by Newton's method to obtain the eigenvalue solutions. 

SEES Utilizes the dynamic matrix from VIBRN to obtain eigenvalues and 
eigenvectors which are used in VIBRN to obtain vibration frequencies 
and mode shapes. The method used by SEES is a matrix iteration and 
deflation technique. 

STIFN Sets up the inverted triangularized stiffness matrix for use in the 
vibration analysis. The subroutine also forms matrices necessary 
for the strain energy calculations. 

STRNTH Calculates bending area moment of inertia (I) and single cell torsion 
constant (J) for use in the skin gage distribution and strain energy 
calculations. 

VIBRN Fonns rigid body modes and sets up the symmetric dynamic matrix from 
the inverted triangularized stiffness and mass matrices. Vibration 
frequencies and mode shapes are then determined. The modes are used 
to form an identity generalized mass matrix. The range and values of 
the reduced frequencies are determined for use in the flutter 
analysis. 
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Fl.CM rnART USAGE 

The automatically generated computer program flow charts (Al.JI'OFLOW) 

presented in this document include a table of contents, flow charts, and 

FOlURAN lists of all routines in the module. The 80-coltDTlll card lists are 

sequenced and grouped by routine. 

Cross Reference List 

The ALITOFLOW Table of Contents, which follows the FORTRAN lists and pre­

cedes the flow charts, serves to cross reference the two. This table lists the 

following from left to right: 

• The card identification from collDllfls 73 through 80 of this card, or 

card sequence number. When sequence m.unber is used in place of card 

identification, it is enclosed in parentheses. 

• The page and box number where this card is displayed in a flow chart. 

• The FORTRAN statement nt.Dnber from colllllJls 1 through 5 of this card. 

• The card identification(s) or sequence number(s) of the card(s) 

referring to this card (repeated as required). 

• The page and box nt.Dnbers where the cards referring to this card are 

displayed in a flow chart (repeated as required). 

Flow Charts 

The flow charts produced by AlJfOFLO\v use USASI conventional symbols. 

Since the flow charts are mechanically drawn from the program source deck, 

there are no rnnissions or vague generalizations about the processing within 

the boxes. 
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Every box on each page is uniquP,ly numbered and may be referred to from 
elsewhere in the program. The source of a reference to a box will be indicated 
by showing the page and box number. If the nLUnber is followed by an asterisk, 
there are multiple references to this point, and the o hers may be found by 
using the cross -reference list. 

The most-often-used symbol is the decision box. Like all boxes, its box 
nUJTber is above and to the right of the box. Its FORTRAN statement number is 
above and to che left of the box. The decision choices for the paths are 
printed. 

The unconditional transfer connecter has its page number destination 
printed above or to the left of the box number destination within the connecter. 
If there is a FORTRAN statement number at the destination, it is printed helow 
the connecter . 

The exit box example shows a connecter from page 9, box 15. 

•r-1. 
@:) 

The suhroutine call box includes the calling sequence. The page and box 
numbers of the flow chart of the called subroutine are shown on the left-hand 
side of the hox. The page nurnher is above the box number. 

. I • 
J m.t.':~1.1. 
i ~/li~iN~· I -I 
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f' -«

The note box encloses conments of a functional nature,

I ar.Ty I

as differentiated from the 21 column ccximents, which are left justified without 
a box, that show the conment cards included in the FORTRAN deck.

SSs-*.

The process box is used to enclose FORTRAN arithmetic statements.

1 •»
• I

tT • i • nr
f*.fl . IM

Input and output are shown as communicating with a device. The list used 
follows, if appropriate:

» 1
/mm msv7

Ihe computed G0 T0 becomes a branch table showing the page and box number 
of each of the ordered branches.

The column connecters and initial connecters are the only boxes Avithout 
external box numbers. The function of the initial connecter is always clear.



but the label given is the symbol in the next FORTRAN card, which is often 
blank. 

The column connecter identifies the page and box number to which it 
connects. 
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INPUT DATA 

Section IV 

PRCXiRAM USAGE 

The required input data for the structural optimization program (SI'ROP) 
is described in detail in Table 2. The input data cards are itemized in tenns 
of sequence, occurrence, quantity, fonnat, description, and applicable units. 
Section II provides definitions of the terminology used in the chart and also 
contains explanations to guide the user. 

Ptmched output cards from SWEEP can be used for input card types 2 , 4, S, 
6, 7, 8, 11, and 12. These card types may also be provided manually. The 
remaining card types 1, 3, 9, and 10 must be provided manually. 

OOTPUI' DATA 

Data from the input cards are printed on the output computer sheets. The 
particular format of the output can be seen from the printed output of the 
sample problems. The printed input data and the output results are outlined 
in Table 3. The required torsional stiffness at each control station, which 
is to be used for further analysis in SWEEP, is pwched on output data cards 
and is part of the printed output results identified as sequence 12 of Table 
3 for the final iteration. 

PROGIW I OPTIONS AND ERROR STOPS 

VIBRATION A.'JALYSIS 

The user can select the boundary condition for the analysis, whether can­
tilever, free-free symmetric, or free-free antisynunetric. If cantilever, card 
types (CT) 4 and S must be deleted; if free-free symmetric, CT S must be dele­
ted; if free-free antisymmetric, CT 4 must be deleted. 

Rigid attached stores, such as fuel tanks or engine pods, and masses, such 
as balance weights or booms, may be added to the basic airfoil structure. The 
data for these added masses will nonnally be punched by SWEEP; however, the 
user may manually insert his own data for CT 7 and appropriately modify CT 3. 
Root flexibility and stiffness inserts must be supplied by the user for CT 9 
and 10. If desired, the mass and/or the nonnalized vibration roodes may be 
printed for the first and last iterations by supplying the necessary infor­
mation on CT 3. 
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TABLE 2. STROP INPUT DATA 

Card Ckcur-
Type rence Qty Fonnat Field Description Units 

l* Always 1 18A4 Title to occupy first 71 
COllDlllS 

2 Always 1 SE12.8 1 E, ioodulus of elasticity lb/in.2 
2 ~' shear modulus lb/in.2 
3 rm1, density of structural lb/in.3 

material 
4 Density of ai r P lb/in. 3 
5 Required velocity, Vreq Jmots 

3* Always 1 816 1 NCP ::: 15, number of control 
stations 

2 Number of ioodes for flutter 
analysis :::10 

3 NKD ::: 4. number of stiff-
ness insertions 

4 NMD ::: 4 , nwnber of mass . ' 
additions 

5 Maximum number of itera-
tions allowed for the 
case to be analyzed :::20 

6 IFLX = 0, cantilevered case 
6 IFLX = 1, root stiffness 
6 IFLX = 2, root flexibility 
7 NSY = 0, non-free-free 

analysis 
7 NSY = 1. free-free symrne-

tric analysis 
7 NSY = 2, free-free antisym-

metric analysis 
3!1 1 0 = print mass matrix 

1 1 = suppress printing of 
mass matrix 

3 0 = print normalized 
vibration ioodes 

3 1 = suppress printing of 
vibration modes 
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TABLE 2. SfROP INl-'Uf DATA (CONf) 

Card Occur-
Type rence Qty Fonnat Field Description Units 

4 NSY•l 1 6El2.8 1 Blank 
2 Aircraft weight less air- lb/side 

foil weight (WfF) 
3 Fore-and-aft distance from in. 

CG of WfF to root station 
Distance is positive if 
CG is aft of root station 

lb in. 2 /side 4 Pitch morent of inertia of 
WfF about CG 

s NSY=2 1 6El2.8 1 Lateral distance from air- in. 
craft centerline to root 
station 

• 2/ .d 2 Roll moment of inertia of lb 1n. s1 e 
aircraft less airfoil 
about aircraft centerline 

6 Always 1 per 6El2.8 1 Section weight, m lb 
sec- 2 Section roll iooment of lb in. 2 
tion inertia about CG (axis per-

3 
pendicular to FA), I<J, 
Section pitch moment of lb in. 2 

inertia about CG (axis 
parallel to FA), I9 

4 Distance from section CG in. 
to FA Positive for CG 
aft of FA, d 

lb/in. 3 s Density of section struc-
tural material if dif-
ferent from RJ-01 --

NOTE: One card type 6 is required for each section starting with control 
station 2 and ending with the penultimate control station 

7 N\ID>O 2 per 112 1 Control station at which 
added to add mass (3x3 matrix) 
mass 

SE12.8 1 1, 1 element of added mass lb 
matrix 

2 Z, 1 element of added mass in. lb ~ 

"'d matrix 
3 ~ 3, 1 element of added mass in. lb u matrix 

1, 2 element of added mass in. lb 
matrix 
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Card Occur­
Type rence Q ty 

mTE: Card Type 7 is 

per 8 Always 1 
co 
tr 
st 
ti 

n-
ol 
a-
on 

TABLE 2. SfROP INPlIT DATA (CONI') 

Fonnat Field Description 

s -- 2, 2 element of added mass 
matrix 

SE12.8 1 3, 2 element of added mass 
matrix 

2N 1, 3 element of added mass 
"'O matrix 
""' 3 (3 2, 3 element of added mass 

matrix 
4 3, 3 element of added mass 

matrix 

repeated for each added mass 

4F6.2 1 Structural box depth. t 
2 Distance to next station 
3 Structural box chord, c 
4 Change in EA sweep angle 

with respect to prior 
station,~ 

4E12.8 1 EI, bending stiffness 
2 GJ, torsion stiffness 
3 Modulus of elasticity if 

r E 
4 Shear modulus if r G 

Units 

lb in.2 

lb in. 2 

in. lb 

lb . 2 rn. 

lb in. 2 

in. 
in. 
in. 
degrees 

lb in. 2 
lb in. 2 
lb/in. 2 

lb/in.2 

i'OTE: One card type 8 is required for each control station , The distances 
to the next control station for the first (with root flex) and last 
control stations are zero. :'Jumber of card type 8 equals two more 
than munber of card type 6. 

9* IFLX>O 2 6E12.8 1 1, 1 element of root flex in./lb,lb/in. 
or stiffness matrix 

2 2, 1 element of root flex rad/lb,lb/rad 
or stiffness matrix 

3 ~ 3, 1 element of root flex rad/lb,lb/rad 
'E or stiffness matrix 

4J 1, 2 element of root flex in./in.lb,in. 
or stiffness matrix lb/in. 

s 2, 2 element of root flex rad/in.lb,in. 
or stiffness matrix lb/rad 

6 3, 2 element of root flex rad/in.lb.in. 
or stiffness matrix lb/rad 

1 1, 3 element of root flex in./in. lb,in. 
or stiffness matrix lb/ra<l 
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TABLE 2. SfROP INPlIT DATA (CONT) 

Card Occur-
Type rence Qty Fonnat Field Description Units 

2N 2, 3 eleioont of root flex rad/in. lb, in. 
'E or stiffness matrix lb/rad 

3 ro u 3, 3 element of root flex ra<l/in.lb,in. 
or stiffness matrix lb/rad 

10* NKih0 2 per 112 1 Control Station of out-
stiff- board end of stiffness 
ness insertion (3x3 matrix) 
insert SE12.8 1 1, 1 eleioont of stiffness lb/in. 

insert matrix 
2 2, 1 eleioont of stiffness lb/rad 

.-1 insert matrix 
3,-c, 

'"" 
3, 1 element of stiffness lb/rad 

ro insert matrix u 
4 1, 2 eleioont of stiffness in./in.lb 

insert matrix 
s 2, 2 element of stiffness in.lb/rad 
-- insert matrix 

1 3, 2 element of stiffness in. lb/rad 
insert matrix 

2N 1, 3 element of stiffness lb/rad 
,-c, insert matrix 

3 ~ 2, 3 element of stiffness in.lb/rad u insert matrix 
4 3, 3 element of stiffness in.lb/rad 

insert matrix 

OOI'E: Card type 10 is required for each stiffness insert 

11 Always 1 per 4112 1 First inboard boundary 
sec- control station 
tion 2 Second inboard boundary 

control station 
3 First outboard botmdary 

control station 
4 Second outboard botmdary 

control station 

ITTI'E: One card of type 11 is requi red for each control station except for 
the first and the last. Same ntunber of cards as card type 6. 
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TABLE 2. SfOOP INPlJf DATA (CONT) 

Card Occur-
Type rence Qty Fonnat Field Description Units 

12 Always 1 per 6El2.8 1 Section streamwise chord in. 
sec- 2 Section distance from FA in. 
tion to AC, positive for AC 

aft of EA, dA 
3 Local dCR/do rad·l 

K>TE : One card of type 12 is required for each control station except for 
the first (with root flex) and last. 

~ These cards to be ptmched by user. All other cards to be pllllched by SWEEP 
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TABLE 3. PRINTED OUTPlJf DATA 

Sequence Description 

1 Title 
2 Basic constants and control parameters 
3 Rigid body weight data for f ee-free cases 
4 Input distributed weight datu 
5 Added mass matrices 
6 Input root stiffness or flexibility matrix 
7 Stiffness insertion matrices 
8 Control station structural box geometry and stiffness data 
9 Stn!ctural box and aerodynamic strip boundary il1Jicators 

10 Aerodynamic strip data (includes calculated strip widths) 
11 Rigid body modes for free-free cases 
12 Control station skin gages (,-) an<l bending (EI) and torsional 

stiffness (CJ) 
13 Vibration frequencies (Hz) 
14 Flutter analysis results in tern\S of the reduced frequency 

parameter (k) and the flutter speed in knots (11), the 
flutter frequency in hertz (£), and the damping (g) for 
each mode of the analysis and for each k stipulated by the 
program. Results are also included for the convergence anal­
yses to find the mode that just goes unstable at the lowest 
speed. 

15 Sl..D11111ary flutter results for the mathematical model using the 
input data. These results contain the critical k value; 
mode number; and flutter speed, frequency, and damping. 

16 Structural volume, strain energy per structural volume, and the 
ratio of the strain energy per structural volume to the 
average strain energy for each be3Jll element. 

17 Generalized mass matrix for the vibration modes. This matrix 
should be an identity matrix to verify the orthogonality of 
the calculated modes around the mass matrix. 

18 Nonnalized rigid body mo<les factors and rigid body mass matrix 
for free-free cases. 

19 Normalizing factors per mode to scale the modes to obtain an 
identity generalized mass matrix. 

20 Vibration roodes nonnalized to the largest element in three groups: 
deflections at the control points on the EA, bending slopes at 
the control points, and twisting slopes at the control points. 

21 Items 12-16 are repeated for each iteration until thC; required 
speed is reached or the prescribed number of iterations has 
been reached. 

22 Items 14-20 for the check analysis of the final iteration. 
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The program will stop if a negative botmdary indicator (CT 11) is used. The program will also stop if the bending stiffness is not compatible with 
the stnictural box geometry at the local control station as detennined by 
the calculation of an imaginary skin gage. Furthenoore, a program stoppage 
will occur if the eigenvalue solution exceeds a maximum nlUTlber of 312 itera­
tions probably indicating an ill-conditioned dynamic matrix resulting from 
inappropriate input data. 

FLtrrTER ANALYSIS 

'lbe spanwise distributions of the lift curve slopes and the distances 
from the elastic axis to the aerodynamic centers of the airfoil will be 
punched by SWEEP to supply the data for CT 12. The lift curve slopes 1•.ill 
have values of 2tr tires the cosine of the sweep angle of the quarter chord 
line. The aerodynamic centers will be assumed at the quarter chord line. 
If more sophisticated values are desired, the user may substitute them for 
the SWEEP values on CT 12. 

STROP is prograJ'IIOOd to tenninate when the speed of the rode that goes 
unstable at the lowest speed equals or exceeds the required speed. This 
tennination can occur during any cycle of iteration, including the first. 
Program tennination will occur when the total nlUllber of iterations specified 
on CT 3 has been reached even though the required speed has not been reached. 
Tennination will also occur when the lowest unstable flutter speed is less 
than SO percent of the required speed. 

ENERGY CALCULATION AND OPTIMIZATION 

In order to raise the flutter speed, structural box skin gages are 
increased incrementally. If during the optimization, the skin gage at any 
control station exceeds 25 percent of the box depth, the program will stop. 

PROGRAl'I MAXUIA 

The following maxima have been imposed in STROP primarily to stay within 
100,000 octal words of core usage and secondarily to minimize computer machine 
time: 

• Ntunber of control stations 15 
• Number of vibration and flutter modes 10 
• Number of stores or added masses 4 
• Number of stiffness inserts including 

root flexibility 4 
• Number of iterations for optimizing 20 
• Number of aerodynamic strips 15 
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RECo.MENDATION 

It is highly recoJlll\ended that S1ROP be closely monitored by experienced 
and knc:Mledgeable flutter engineers in order to fully LD1derstand and appre­
ciate the appropriate input and resulting outputs. 

SAMPLE PROBLJM; 

Three sample problems are presented: (1) cantilever, (2) free-free 
synmetric, and (3) free-free antisymmetric. They are based on the planfonn 
and structural box of Figure 1 in Section II. The airfoil is all-movable, 
rotating about a spindle extending from control station 6 inboard. This air­
foil contains 15 control stations described as follows: 

Station Description 

1 Root 
2 Root stiffness 
3 Mass 1 
4 Mass 2 
5 Stiffness insert 
6 Stiffness insert 
7 Mass 3 
8 Sweep angle change 
9 Mass 4 

10 Mass 5 
11 Mass 6 
12 ~lass 7 
13 ~lass 8 
14 ~lass 9 (added mass for problem 3) 
15 Tip 

Note that, for free-free antisyrronetric, an added mass is included in the 
analysis. Also, since the stiffness from control station C.S 2 to CS 5 is in­
cluded in the stiffness insert at CS 6, high stiffness values were used 
between CS 2 and CS 5 to maintain structural continuity. 

The computer printouts for each of these three problems are shown on pages 
172 through 270, and the required flutter speed for these cases is specified 
as 750 knots. The third iteration structure for the cantilever case calculated 
the lowest flutter speed to be 748 knots which, although close to the required 
value, was not high enough. A fourth iteration produced a speed of 770 knots, 
which caused the program to proceed through the termination process. Note 
that, as the program cycled through the optimization process, the strain 
energy per structural volume approached a constant level throughout the 
structural span. 
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~ flutter speed of 770 knots was also calculated for the free-free sym­
metri: case indicating that the free b01mdary had an insignificant effect on 
the flutter of this airfoil. 

The flutter speed for the free-free antisymmetric case was slightly lower 
than that for the previous two cases. Th i., reduction in speed may be due to 
the ef feet of the added mass. 
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SAMPLE 1 

r.ANTILEVFR CASE 

Preceding page blank 111 
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