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ABSTRACT

User and programmer oriented documentation for the flexible bodv option
of the Takeoff and Landing Analysis (TOLA) computer program are provided in
this report. The user information provides sufficient knowledge of the de-
velopment and use of the option to enable the engineering user to successfully
operate the modified program and understand the results. The programmer's
information describes the option structure and logic enabling a programmer to
make major revisions to this part of the TOLA computer program.
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1, TINTRODUCTION

The purpose of this report is to summarize the flexible body option of
the airplane Takeoff and Landing Analysis (TOLA) computer program ar' explain
how to use this option in conjunction with the overall program. The flexible
body option was developed by McDonnell Douglas Astronautics Company-East under
NASA Contract NAS1-13259 for investigation of aircraft response in a ground
operating environment.

The original TOLA computer program developed by Air Force Flight Dynamics
Laboratory personnel provides a complete simulation of the takeoff and landing
of a rigid airplane. The flexible body option provides the additional capa-
bility of predicting the total motion of specified points on the aircraft
including elastic airframe effects.

It should be emphasized that the flexible body option is but a part of
the overall TOLA computer program. Successful operation of the program
depends on proper input of all required data and interpretation of the result-
ing output. Much of these data are associated with the existing rigid body
version of TOLA. It is not the purpose of this document to define these data,
for this is done in Reference 1. The user should not attempt to execute the ;
TOLA computer program without first becoming familiar with the information ‘
contained in this reference.

Programming information on the structure ard flow logic of the flexible
body option is also contained in this report. Additional information on the
structure of the entire TOLA computer program is given in Reference 2.
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2. PROGRAM DEVELOPMENT
2.1 Pregram Description and Caprbilities - The flexible body option

version of TOLA prvides the capability to predict the total motion of an
aircraft in the ground operating environment including airframe elastic effects
and landing gear dynamics. It can simulate any conventional aircraft having
up to fivi landing gears and four engines with the airframe considered either
rigid or flexible., 1In the flexible airframe option, the flexibility 1is
represented by superposition of the free-free vibratory modes on the rigid
body motion. From one to twenty modes may be included to represent this air-
frame flexibility, The dynamic effects of a maximum of five independent
landing gears can also be simulated. The landing gear modelled in the program
is a double air chamber oleo strut with balloon tires, similar to that used

on the C-5 aircraft (Figure 2-1). Each of the struts must lie in a plane
parallel to the aircraft plane of symmetry, but the strut axis may be non-

perpendicular to the longitudinal aircraft axis.

UPPER AIR CHAMBER

SECONDARY METERING ORIFICE

PRIMARY METERING SECONDARY PiSTON

ORIFICE
SECONDARY PISTON COMPRESSION STOP

SECONDARY PISTON LOWER AIR CHAMBER

EXTENSION STOP

FIGURE 2-1 LANDING GEAR STRUT CONFIGURATION
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The simulated aircraft, as represented by the airframe rigid and flexible
body equations of motion and the strut, strut s~condary piston and wheel
equations of motion, may be subjected to time varying forces. The forces
considered in the problem include engine thrust, aerodynamic loads including
ground effects, drag chute forces, landing gear tire-ground reaction and
braking forces. These forces may be varied and/or staged within the aircraft's
capability by the maneuver logic and autopilot simulation.

The function of the autopilot simulation is to specify the timing and
magritude of the aircraft's control system injuts required for the desired
eircraft performance during glide slope, flare, landing roll and takeoff roll.
The maneuver logic utilizes information on the state of the aircraft obtained
from solution of the airplane equations of motion to compute state errors. If
necessary, it defines maneuvers required to maintain proper aircraft attitude
by specifying parameters such as angle of attack, roll angle, thrust level and
braking values. The maneuver logic also controls the staging of such events
as spoiler activation, kill power, thrust reversal, drag chute deployment and
brake activation in both normal and unusual takeoff or landing situations.

The unusual situations include engine failure, brake failure or tire blow-out.

2.2 Development of Equations of Motion - To determine the response of

an aircraft under any of the conditions described above, the equations of motion
for that aircraft must be solved. As complex as the various options in the
TOLA computer program may seem, they simply zalculate their particular influ-
ence on these equations. The flexible body option is no exception. To under-
stand this option and its effect on the overall program, its contributions to
the existing equations of motion must first be understood. Since the equations
which define the effects of a flexible airframe cannot be uncoupled from the
overall problem, this section will give a general development of the total
aircraft equations of motion including flexibility effects.

In developing the airplane equations of motion, the airplane main body
is defined as the zirplane less its landing gears. As such, the airplane is
represented by K+l bodies. The aircraft main body is considered the oth body
while a typical landing gear is considered the kth body with K being the total
number of gears. Although the landing gears are considered rigid, they are

allowed to move relative to the main body.



The coordirate systems used in the development of the equations of motion
are shown in Figure 2-2. The inertial coordinate system (x'. Y'. z‘) is fixed
relative to the earth's local acceleration gravity vector. The body coordinate
system (Xo. Yo. zo) moves with the airplane and is fixed at the center of mass.
The strut coordinate system (xk. Yh. Zk) moves with the airplane and is located
relative to the body coordinate system by the vector (ii)o and the nnglef)k.
This axes system is aligned such that the direction of gear movement is along
the Zk vector.

The dynamic motion of the main body is described using the normul mode
method. In this method the main body motion .s approximated by the combination
of a limited number of vibratory modes plus the six rigid body modes. The
main body's flexibility is represented by its free-free (unrestrained) vibra-
tory modes. The rigid body modes are assumed to be the three translational
displacements defining the airplane center of mass and three angular dis-
placements defined in the body coordinate system,

In developing the airplane equations of motion, expressions defining the
motion of an arbitrary point located on the landing gear and/or main body
were obtained. These were used to evaluate the kinetic and potential energy
of the airplane. The equations of motion were obtained by applying the
Lagrangian equations to these energv expressions.

Using Figure 2-3, the total displacement of a point i is defined as

;u =R + (Ek)o + ;u (2-1)

3;1 = position vector of point i relative to the inertial coordinate system.
R = position vector of reference point on main or 0th body relative to
inertial coordinate system.

position vector of kth

o coordinate system,

body reference point relative to the body

|

r = position vector of point i relative to the strut or kth body coordi-
nate system.

k = Subscript defining a specific body. The airplane minus its gears is
the oth body (k = 0). A t,,.cal landing gear is the kth body
(k - 1. 2' 3--0‘).




FIGURE 2-2 COORDINATE SYSTEMS
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It is assumed that the position vectors (ii) and ;;1 used to locate

point 1 in equation (2-1) can be separated into térms which vary with time
and terms which remain constant with time. Thus, these vectors muy be

written

®) =Ty + Ry (0

(2-2)

where EL. = undeformed position of kth body reference point in the body
coordinate system ‘

ii.(t) = deformed position of kth body reference point in the body coor -
dinate system measured from the undeformed position of that point

tkll = undeformad position of point 1 in the strut coordinate
systen.

W

deformed position of point i in the strut coordinate system
measured from the undeformed position of that point

These position vectors are shown in Figure 2.4.

s



Since it is assumed that the elastic deformation of the airplane main
body can be represented by the superposition of a limited number of vibratory
modes, the terms of (ik) and ;hi that vary with time may be written as

o

oy
R (0) = ¥ ¢, 9,(t)

n=1l
and for k=0 (2-3)
N
- -1
Fotelt) © on 9 (8D
n=1

where N = number of vibratory modes includeud

-1 =~k
’n’ .n = magnitude of nth elastic mode at points i and k respectively.
(k used as a superscript refers to attachment point of kth body,
k=1, 2, 3...K
th

q = generalized coordinate associated with the n mode. These
are a function of time. .

Combining the above equations gives the final form for the location of a point
i (Figure 2-3) as

N i

N
. == & - " 3
Opg = R+ R+ Ega 0y 9,(8) + 1, + 2 by 9,(0) (2-4)

The kinetic energy of the K+l bodies, T, is obtained by summing the !
kinetic energy of all points i in the system having mass m g

K 1 .

1 _— -
Te= z Pra P (2-5)
2 & &= e
where K = total number of landing gears

total number of mass points

time derivative of the displacement vector




The potential energy, U, due to the sirain energy of the main or Oth
body is
N
1 2 2
L3 PILAL N - b
nvl

th

where . " the natural frequency of the n free-free mode

h

LI generalized mass of nt" elastic mode

The airplane's equations of motion were obtained by using the Lagrangian
equations and the energy expressions of (2-5) and (2-6). The Lagrangian

ejuations may be written

a [ar aT |, AU
dt (aq 5 aql= > aqp Qp (2-7)

where qp, qp = pth generalized coordinate and generalized velocity respectively

Qp = generalized force or moment in pth mode

The resulting rigid body translational, rigid body rotational, and the flex-
ible body equations of motion are given in Equations (2-8), (2-9), and !
(2-10) respectively.

Certain simplifying assumptions were made in the equations of motion.
These assumptions were consistent with those made in the existing TOLA
formulation. In the rigid body equations, the Coriolis acceleration terms
for the landing gear struts were neglected mainly because the rotational
velocities of the aircraft are small at landing relative to strut acceleration
terms retained. Also, in the rigid body rotational equations, terms involv-
ing the variation of the inertia or inertia derivative tensors resulting from

changing position vectors of the strut masses are small. The changes in the

10
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RIGID BODY TRANSLATIONAL EQUATIONS

K
F. =M_R - s 4 i i
T : < R Z nksk [ARJI 1xo id Ak33 ‘ Z 2 1m:n
k=1 n=1 k=1
k= k T
+ & -
“yn 1Y° v ’zn 1;0} (8

RIGID BODY ROTATIONAL EQUATIONS

K

Ho =1 w+wx [T 2 El + :Z: mkEL I A'k11 Rksy I;o ’ (Ak13 Rksz

k=1

+ Akl] Rksx Ak13 ksy 1zo]

. k -
i :E: :E: mkqn ;lnkay S (Rksz * A (rFk - Skc)) ¢yn] 1o  (2-9)

n=] k=1
+ (R, +A. . (rg =5 )) 0% - R - (e, -8, ) ¢ 1T
Rksz Akll Fk ke xn Rksx Akl3 Fk ke zn® " yo
+ 1 0 A T o
Rksx k13 Fk ke yn Rksy xn’ “zo)
Symbols are defined on the following page
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RIGID BODY EQUATIONS OF MOTION

total applied force acting on K+l bodies
= tocal mass of K+1 bodies
= mass of the kth strut

acceleration of kth strut mass

Akll’ Ali’ Akjl' Ak33 = direction cosines relating strut coordinate system

o.'!l

el

to ot body coordinate system

= total moment of all applied forces on K+l bodies about 0th body
center of mass

= inertia tensor for the K+l bodies about 0th body center of mass

= angular velocity of 0th body in body coordinate system

Rknx' Rksy’ Rklz = X, Y, Z components of strut attach point position vector

Trk

skc

= distance from strut attach point to extended position of axle

= distance from strut axle to strut center of mass

12




FLEXIBLE AIRFRAME EQUATIONS OF MOTION

PORS'1.2.3...-N

‘ E & k .o
.“ ™ nq + Z Z IIN“ xn+‘yl‘yn+°u°zn]qn

n=l k=1
K
- .o K ok . .o K
= E Bl (X = Agyy Si) Oy * Y by ¥ (2= Mgy 5 4]
k=1
K
. k k "
* Z: .kln‘kny ‘u - (Rksz & (rFk - skcn ¢yl] (=10)
k=1
K
" k k
*o 8 MRy + Aay i ™ Sied) Oy = Ryge = Aras e = Sie)) 03]
k=1
K
: k v
. “2 Z: lI‘k[mlux - AInl.‘i (rl-‘k i skc)) ¢yl - Kluy ¢xs] - Ql
k=1

Q' - Q: + Q.Dc + QA = (Generalized forces associated with s th mode due to
engine thrust, drag chute deployment and aerodynamic
pressure respectively

Symbols are defined on the folliowing page
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FLEXIBLE AIRFRAME EQUATIONS OF MOTION

n.. q.. w_ = Generalized mass, generalized coordinate and natural frequency
respectively associated with the s th elastic free-free mode

T T T ;
) 1 2 3 4
= + +
Ql ’xs Txl o:u sz ’xl x3 . ‘Xl Txb
Txl through Txﬁ = Engine thrust forces
'1'1 Th
¢x. through °xn = Magnitude of s th mode shape at point
force application
DC « 4DC DC DC
Ql ¢xl ch . ¢ya rcy . ¢zs lrcz
ch. Pcy' Pc' = Forces due to deployment of drag chute
¢2f. ¢DC ¢DC = Magnitude of s th mode shape at point of
force application
A o Lol Ll 2 A _ad A 4 A Dk 6 A
Qq R RS o oW Rl o L RS L 5 s
a, y, ng = Aerodynamic forces; 1, m,n = aerodynamic moments

A A
OA y ¢ " 0:‘ = Magnitude of & th mode shape at point of

force application

’ GA = Slope of s th mode shape at point of moment
xs' ys' 28
application

B: through 86 = Participation factors for & th mode

14
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gear positions are very small compared to the overall airpiane dimensions,
therefore the variation of the inertia terms due to gear position changes are
small and were neglected. The flexible airframe equations of motion were
also simplified by neglecting terms analogous to those neglected in the rigid
body equations. Coriolis and centripetal type accelerations of the strut
masses were considered small, again mainly because the rotational velocities
of the aircraft are small relative to the strut acceleration terms retained.
Rigid body "tangential" type acceleration terms that vary with changing
position vectors were neglected; however, all others were retained.

Reference 3 gives a more thorough derivation of the total aircraft
equations of motion. In addition, topics such as the determination and

implementation of elastic airframe effects on strut equations of motion are
also discussed. The reader will find additional information on these and

other aspects of the flexible body option version of TOLA presented in
Reference 3 that will aid his understanding of the program operation.

15



3. PROGRAM DESCRIPTION

3.1 Program Structure - The equations describing the motion of points
on a flexible airframe are formulated and solved in subroutine FLEX1l. This
subroutine can determine the response at twenty points on an airframe whose
stiffness characteristics are defined by the modal deflections and natural
frequencies for a maximum of twenty modes. A matrix approach was used to
simultaneously formulate and solve all flexible body equations of motion at a
particular point in time.

The basic structure of TOLA has been retained. It still consists of
three OVERLAY segments. OVERLAY (TOLA, 0, 0) consists of the executive sub-
program TOLA., Through its call to subroutine EXE, it calls the other two
overlays and controls the execution of the complete program. TOLANl is the
executive subprogram in OVERLAY (TOLA, 1, 0). It reads the input data and
checks to determine if the proper amount of input data has been supplied.
TOLAN2 is the executive subprogram in OVERLAY (TOLA, 2, 0). It provides the
autopilot and phasing functions. A diagram showing the general structure of
the revised TOLA program is given in Figure 3-1. This diagram is not intended
to be a comprehensive programming chart, but shows the general flow of the
flexible body option logic. A listing of the TOLA computer program is given
in Appendix A.

Subroutine FLEX1 is located in OVERLAY (TOLA, O, 0). The format used
in structuring this subroutine closely follows that of existing subroutines
so as to make it compatible with the logic used in the TOLA program. This
structure enables calls to entries in FLEX1l to be placed in the EXE and OPT1
subroutines at those points where calls are made to other subprograms that
perform similar functions.

All input data associated with the flexible body option are stored in
COMMON/DIRCOM/. Those data calculated within the subroutine and passed to
other parts of the program are stored in COMMON/FLXOP/. This use of common
simplifies the communication between subroutines.

3.2 Program Operation - An understanding of program development in it-

self will not result in smooth program operation. Successful operation of

the TOLA computer program with the flexible body option depends on proper in-

put of all required data. Much of these data are associated with the existing
rigid body version of TOLA. It is not the purpose of this document to define

17  PRECEDING PAGL Lol NCT FILMED
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these data, for this is done in Reference 1. The sections that follow will
describe the general input data format, define all possible data associated
with the flexibhle body option and the manner in which it is to be input, and
diocuss the resulting output.

3.2.1 General Input Data Format - The input data associated with the

flexible body option are read into the program by tle existing input routine
(READ). As a result, it must follow the same general format as the rigid

body data. The input must follow the following format:

7
11

8-10
111

Card Columns 1-6
Field Number 1

11 |12-66 | 67-72 | 73-80
1v v Vi VIl

Field number I contains the alphanumeric variable name of the 'data con-
tained in Field V. Example:

LS FORTRAN STATEMENT

ﬂ'ig-"' ¢
300 0 800E DEDDE DHDOE PHOE DBLLE DEPEE BIOOC AVAIC IVOTE PICEE SHEEE ITICC CC
- LI

b d AI -

The program will assign a value of "1" to the variable INDFLX.

Field number II is not used.

Field number III is used to define the type of data in Field V by means
of the words DEC, BCD, INT, TRA or a blank. DEC and blank are equivalent and
denote :lat data which follow are in decimal form. The work @CT specifies
that the data in Field V are to be interpreted as octal numbers. The word

BCD specifies that N binary coded, six character words (N punched in column
12) are to be loaded. These decimal words begin in column 13. The largest
number of six character words that can be loaded from one card is nine. The
user should make sure that BCD data does not get punched into Field VI, or an
input error will result. When the word INT is used, it is assumed that all
numbers in Field V will be loaded as integers. If only one integer is punched
per card, the INT may be omitted. The word TRA denotes to the read routine
that all data have been input and to return control to the calling program.

Example:

:-.u:::: & FORTRAN STATEMENT

0p 0eont @mno ili D

3

- -

20
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On the first card, the 4 in column 12 indicates that four vords follow; each
wvord is six characters long. This is a remarks card which helps identify the
data that follows. The second card defines a variable array FREQ(1) whose
elements are 2.0, 5,67 and 200.0 respectively. The third card denotes the
end of the data.

Field number IV is not used.

Field number V contains the data input to the program. DEC, @CT and INT

numbers must be left adjusted; that is, data must always start in column 12,
All numbers must be separated by a comma and the fleld terminates with the
first blank. BCD information begins in column 13, Because the field ends
with a blank, the user may add any comments in the remainder of the field.

Field number VI specifies the initial array location or subscript of the
data in Fileld V. If this field is blank, an initial subscript of 1 is implied.
The subscript may appear anywhere in the field. Example:

!lﬂ:}: L FORYMAN STATEMENT
000000 0 Dm - 7y D ]

-

—+
o
b
b+
-
.

In the example, SXMOD is an array containing five elements. The first element

is 0,075 while the fourth element is 1.0 as denoted by the 4 in column 67.
Field wumber VII is not used as far as the input routine is concerned.
3.2.2 Input Data for the Flexible Body Option - The revised TOLA com-

puter program can be run considering either a rigid or a flexible airframe.
In either case, all of the data defined in Reference 1 for a particular case

must be input. The additional data required by the flexible body option of

the TOLA computer program are defined in Figure 3-2 and discussed below.

To use TOLA when the airframe is considered rigid, the indicator INDFLX
wust be equal to zero. No other additional input is required.

To use TOLA when the airframe is considered flexible, the indicator
INDFLX must be set equal to one and additional data describing the airframe
elasticity are required. The number of free-free normal modes, NMODE, repre-

senting the airframe flexibility must be specified. A maximum of twenty modes
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INPUT
INDICATOR/ CCORDINATE
VARIABLE SYSTEM(1) INDICATOR OR VARIABLE DEFINITION

INDFLX INDICATOR DEFINING OPTION
INDFLX = O = RIGID AIRFRAME
INDFLX = 1 - FLEXIBLE AIRFRAME

NMODE INDICATES NUMBER OF MODES INPUT
(20 MAXIMUM)

GMASS1 (1) GENERALIZED MASS OF I TH ELASTIC MODE

GFREQ(1) FREQUENCY OF I TH MODE (RADIANS/SEC)

SXMOD(1) BCS X MODE SHAPE FOR STRUT ATTACHMENT POINTS
IN I TH MODE

SYMOD (1) BCS Y MODE SHAPE FOR STRUT ATTACHMENT POINTS
IN I TH MODF

$ZMOD (1) BCS Z MODE SHAPE FOR STRUT ATTACHMENT POINTS
IN I TH MODE

TXMOD(I) BCS X MODE SHAPE FOR ENGINE THRUST APPLICATION
ATTACHMENT POLNTS IN I TH MODE

ARMODE (1) BCS X,Y,2,0,,6,,82 COMPONENTS OF MODE SHAPE
FOR AERODYNAMIC FORCE AND MOMENT REFER~-

. ENCE LOCATION IN I TH MODE

PF(1) PARTICIPATION FACTORS OF GENERALIZED
AERODYNAMIC FOPCES AND MOMENTS IN I TH MODE

SKC(K) SCS DISTANCE BETWEEN K TH STRUT AXLE AND STRUT
CENTER OF MASS

DCMODE (1) BCS X,Y,Z COMPONENTS OF MODE SHAPE FOR DRAG
CHUTE AT1ACHMENT POINT IN I TH MODE

NPTS NUMBER OF POINTS ON THE AIRFRAME AT WHICH
OUTPUT IS REQUESTZD (20 MAXIMUM)

ROIS (J) BCS ROISX, ROISY, ROISZ COMPONENTS OF POSITION
VECTCR FOR J TH POINT ON FLEXIBLE AIRFRAME
AT WHICH OUTPUT IS REQUESTED

OUTMODL (1) BCS X,Y,Z COMPONENTS OF I TH MODE SHAPE FOR
POINTS ON FLEXIBLE AIRFRAME AT WHICH
OUTPUT IS REQUESTED.

IFLX(I) INDICATES THE POINTS WHOSE DATA WILL BE

STORED ON TAPE

(1) NOTE: BCS = BODY COORDINATE SYSTEM SCS = STRUT COORDINATE SYSTEM
FIGURE 3-2 INPUT DATA FOR TOLA FLEXIBLE BODY OPTION
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can be used. The natural frequency, GFREQ(1), and generaiszed mass, CMASS1(I),
for each mode must be input. The mode shape magnitudes, SXMOD(I), SYMOD(Y),
SZMOD(Z), for each mode at the strut attachment locations should be input.
While the program will run without these input data, it will use a value of
zero for the mode shape magnitudes. Similarly, the mode shape data at the
point of ipplicatlon of the engine thrust, TXMOD(I), and aerodynamic forces
and mowents, ARMODE(1), should be input for solution of any practical takeoff/
landing problem.

The aerodynamic loads are treated as concentrated loads in TOLA in the
form of total aerodynamic forces and moments acting at a selected reference
point on the airframe. To obtain realistic flexible body response, weighting
effacts or participation factors, PF(I), of the aerodynamic lo~ds on the res-
ponse of each normal mode are required. If aerodynamic effects on the flexi-
ble airframe response are desired, the user must input the proper values for
the PF(I) array. If the PF(I) are not input, the default values for this
array are zero and all effects of the aerodynamic loads on modal response are
assumed to be small and therefore neglected. A general approach for calculat-
ing the aerodynamic weighting effects is suggested in Appendix B.

All of the arrays used in the flexible bedy option are in vector form
(one dimensional), and the subroutine expects the modal data to appear in a
particular order on the data input ‘ards. The order required by the subrou=~
time is best shown through an example. If the aircraft simulated in the pro-
gram has three landing gear struts and two engines, and four vibratory modes
are selected to represent airframe flexibility, then the typical s%rut and
engine attachment point modal data would appear as follows:

Strut 1 Attach Point

Mode X Y z
1 ~.41 .68 -.14
2 .38 .03 .79
3 -.40 -.08 .03
4 -.25 .16 17
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Strut 2 Attach Point

Mode X Y Z
1 -.83 .69 -.33
2 4B .06 .86
3 -.83 -.07 .05
4 .47 .17 .38
Strut 3 Attach Point
Mode X Y Z
1 -1.00 .69 -.41
2 +52 07 .89
3 ~1.0C -.08 .05
4 ~-.55 17 49
Engine 1 Attach Pcint Engine 2 Attach Point
Mode X Mode X
1 ~.64 1 -.68
2 .29 2 .36
3 -.59 3 -.65
4 =32 “ -:37

Write each component of the strut attachment point mode shape as though in an

array dimensioned number-of-struts x number-of-modes.

e
--41 .38 -.40 -025

[SxMOD) = -.83 .48 -.83 -.47
-luo -52 -1-0 -.55J

r :
-68 003 -.08 016
[SYMOD] = .69 .06 -.07 .17
069 007 'oos |17
" |
-4 .79 .03 17
ISZMOD] - '!33 086 -05 -38
-.41 .89 .05 .é9J

The engine attachment point modal data should be written in an array dimensioned

number-of-engines x number-of-modes:

-06‘ uzg --59 -032
-.68 136 -.ﬁ5 -.37

[TXMOD]) =
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Transform each array into vector form by reading the matrix elements by

columns. Thus the order in which the data is read would be as follows:

SXMOD = -.41 SYMOD = .68 SZMOD = -.14 TXMOD = -,64
-.83 .69 -.33 -.68
-1.0 .69 -.41 .29

.38 .03 .79 .36
A48 .06 .86 -39
52 .07 .89 -.65
-, 40 -.08 .03 -.32
~.83 -.07 .05 -.37
-1.0 -.08 .05
-.25 .16 17
=47 17 .38
=.35 17 W49

These data would then be placed on cards according to the format described in
the previous section.
Typical aerodynamic data and participation factors would appear as

follows:

Aerodynamic Data

Mode X ) 7 Z Ox OY Bz
1 .16 .20 -.89 .0004 .0045 .0009
2 .20 .15 -.96 .0002 .0053 -.0003
3 12 .08 ~.65 -.0001 .0038 .0010
b .05 .09 -.59 .0003 .0036 -.0007

Participation Factors

Mode X : 4 Z Bx BY ez
1 .30 .36 -1.87 W15 -.93 .20
2 A6 .39 2,15 W12 -1,15 -.09
3 .28 .21 -1.13 .04 -.83 21
4 .16 24 97 .08 -.79 -.17

Again, write the data in an array where each column represents the data for a

single mode; then read the matrix columnwise.
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ARMODE = | .16 .20 A2 .05 PF = .30 46 .28 .16
.20 «15 .08 .09 .36 .39 21 .24
-.89 -.96 -.65 -.59 -1.87 2.15 =-1.13 .97
.0004 ,0002 ~,0001 .0003 15 .12 04 .08
.0045 ,0053 .0038 ,0036 -.93 -1.15 -,83 -.79
| -0009 =-.0003 .0010 -.0007_ | .20 -.09 21 =17
ARMODE = .16 PF= .30
.20 .36
-.89 1.87
.0004 .15
.0045 -.93
.0009 .20
.20 .46
15 .39

L] L]
- -

SKC(K) and DCMODE(I) are optional data. The program sets these quanti-

ties to zero if not input. SKC(K) is the distance from the tire axle to the
strut center of mass measured along the strut stroke. It is approximately
equal to zero for many landing gears. The order in which the struts are num-
bered in SKC(K) must be consistent with the order implied by the strut attach-
ment point mode shapes.

If the third row in the modal data represents ‘e motion

of the third strut attachment point, the third element in array SKC(K) it be
the described distance for that strut.

DCMODE (1) defines the mode shape at the drag chute attach point and is
necessary only when the aircraft has a drag chute. These modal data are in-
put in an order similar to that for the aerodynamic data. If written in a
two-dimensional array, each column of data represents the X, Y, Z components
of the mode shape for a given mode.

The remaining input data indicated in Figure 3-2 are necessary to obtain
flexible body response output on the airframe. NPTS indicates the number of

points at which output is requested. ROIS(J) are the X, Y, Z components of
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the position vector defining the location of the points relative to the air-
frame or Oth body coordinate system. OUTMOD(I) are the components of each
mode shape at those points for which output is specified. As before, the
order of the data is significant and an example will best show this. If out-
put is desired at two points on the aircraft, typical data would appear as

below:
Point 1
Location Mode ) | 2 3 4
X=2.71 X .09 11 -.05 .02
Y = 17.63 Y .02 .01 -,03 .01
2= 1,52 Z .95 ~.98 .87 -.77
Point 2
Location Mode 1 2 3 4
X=271 X .07 +30 -.04 .01
Y = 8.42 Y .01 -.02 -.03 -.02
Z=1.,25 z 43 -.39 W41 -.29

The matrix ROIS(J) should be written as though dimensioned 3(X,Y,Z) x NPTS
and then read by columns. For the above example, ROIS(J) would appear as
follows:

ROIS(J) = 2.71, 17,63, 1.52, 2.71, 8.42, 1.25
Each column of OUTMOD(I) should contain all of the modal data for a given
point. The X component of data for all modes should procede the Y component,
with the Y component preceding the Z. Written in two dimensional form for
the example being considered, OUTMOD(I) would be given as:

[ouTMOD] = .09 .07
11 -10 X Component

-.05 -.04

.02 .01

.02 ‘01
01 -.02 Y Component

.08 -.03

|°1 -'02
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«95 A3

=9 =3 Z Component
.87 A4

-077 "029

This matrix should be transformed to vector form by reading the elements by
column,

The array IFLX(I) dictates which flexible body response data will be
saved on tape and used as input for a plot routine. Subroutine FLEX can
formulate and print the flexible body response at up to twenty points on the
aircraft. IFLX(1) enables the user to select from these points, those whose
data will be plotted, Each output point is assigned a number by the order in
which their modal data appears in array @QUTM@D(1). An element in IFLX whose
value is one will cause the data for that respective point to be placed on
tape. For example, if response data is formulated at five points on the air-
craft, IFLX = (1, 0, 1, 1, 0) will cause all flexible body data associated
with point numbers one, three and four to be saved on tape. Other indicators
required to store TOLA output data are discussed in Section 3.2.5. If no
flexible body response data is desired, NPTS, R@IS, QUTM@D and IFLX need not
be input.

There is no specific system of units associated with the input informa-
tion, except for the modal frequencies which must be expressed in radians/
unit time. All other parameters may be expressed in any consistent set of
units, either English or Metric (inches or centimeters, pounds or dynes).

The units selected must, of course, be consistent with the rigid body set

used (see Reference l).
3.2.3 Output Data from the Flexible Body Option - The data that can be

output from subroutine FLEX1 consists of the flexible body components of the
inertial accelerations, velocity and displacement in each of the three body
coordinate directions and the total inertial acceleration and velocity in
each coordinate direction. The output variable names used in FLEX1l and their
definition are given in Figure 3-3,

3.2.4 Staging the Flexible Body Option into the Program - If aircraft
elasticity is desired in an analysis, the program will turn the flexible body

option subroutine on at the same time the landing gear subroutine is staged
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POINT
XD2F
XD2T
YD2F
YD2T
ZD2F
ZD2T
XD1F
XD1T
YD1F
YDI1T
ZD1F
ZD1T
XDOF
YDOF

ZDOF

. AN

ALL QUANTITIES ARE IN BODY COORDINATES

DEFINES THE POINT NUMBER (1-20)

X

X

COMPONENT
COMPONENT
COMPONENT
COMPONENT
COMPONENT
COMPONENT
COMPONENT
COMPONENT
COMPONENT
COMPONENT
COMPONENT
COMPONENT
COMPONENT
COMPONENT

COMPONENT

OF

OF

OF

OF

OF

OF

OF

OF

OF

OF

OF

OF

OF

OF

OF

THE
THE
THE
THE
THE
THE
THE
THE
THE
THE
THE

THE

INERTIAL ACCELERATION DUE TO FLEXIBILITY
TOTAL INERTIAL ACCELERATION

INERTIAL ACCELERATION DUE TO FLEXIBILITY
TOTAL INERTIAL ACCELERATION

INERTIAL ACCELERATION DUE TO FLEXIBILITY
TOTAL INERTIAL ACCELERATION

INERTIAL VELOCITY DUE TO FLEXIBILITY
TOTAL INERTIAL VELOCITY

INERTIAL VELOCITY DUE TO FLEXIBILITY
TOTAL INERTIAL VELOCITY

INERTIAL VELOCITY DUE TO FLEXIBILITY

TOTAL INERTIAL VELOCITY

DISPLACEMENT DUE TO FLEXIBILITY

DISPLACEMENT DUE TO FLEXIBILITY

DISPLACEMENT DUE TO FLEXIBILITY

FIGURE 3-3 OUTPUT VARIABLES USED IN FLEX1
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into the program. This is donc by testing the valucs of boh the flexible
body option indicator (INDFLX) and the landing gear indicator (INDLG)  Both
must be non-zero for flexibility effects to be included.

Initial generalized displacements are calculated based on values of
variables at the time the option is staged into the program. These initial
displacements are then used in subsequent calculation of the generalized
accelerations.

3.2.5 Data Plotting Information - Major revisions were made to the sub-
routine that stores data for use by a separate plotting program. As now re-
written, subroutine SDFLCP {irst prints headers that identify the variable
names of the data that follow. These headers are printed only once. Each
call to the subroutine then writes to tape all data associated with a single
time point. This eliminates the need to store the data in intermediate
arrays.

The indicators described in Reference 1 and earlier in this report that
control the logic in SDFLGP have not been modified. They are as follows:

IPLT » ] denotes that data will be stored on tape for plotting

ISDF = 1 indicates rigid body data will be saved

ISTPL1 = 1

ISTPL2 = 1

ISTPL3 = 1 denotes that data for landing gears number |1 through 5 will
be stored on rape

ISTPL4 = 1

ISTPLS = 1

IFLX(I) = 1 indicates that flexible response data for the i th output
point will be saved
A new plotting program was developed to be compatible with the data for-
mat of the revised TOLA subroutine SDFLGP. This program, entitled PLTDAT, is
submitted as a separate job after a data tape has been generated by the TOLA
program. The plot tape generated by PLTDAT can then be used by any off-line

plotting device. A listing of the PLTDAT computer program is given in Appendix C.

The plot program was designed to permit the user a high degree of flexi-
bility in the use of the program. Any variable stored for plotting may be
chosen as the independent variable. Not only does this allow conventional

time history plots to be made, but also such plots as the altitude of the
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center of mass versus downrange position or strut acceleration versus strut
stroke. A maximum of five dependent variables can be plotted on a single graph.
This enables the .ser to make direct comparisons of several simultaneously
displayed variables,

All graphs are scaled to an 8-~1/2 x 11 inch page size; however, the actual
plotting area depends on the number of dependent variables. The ordinate (de~
pendent variable) axis is six inches in length. The length of the abcissa
(independent variable) axis ranges from 9.4 inches for one dependent variable
to 7.0 inches for five dependent variables.

. The input data required by the plot program must follow a particular for-
mat. The first card contains an integer (format I6) that specifies the number
of data points plotted per graph. The remaining cards control the number of
plots, define graph titles and dictate the dependent and independent variables.
This is accomplished by beginning each data card with a control identifier.
These control identifiers are TITLEl, TITLE2, INDVAR, DEPVAR and PLOT. All
identifiers must begin in column 1 with their associated data beginning in
column 11, TITLEl and TITLE2 permit a 40 character title and subtitle to be
printed on the graph. If no titles are desired, these data are omitted.

INDVAR defines the variable name on that card as the independent variable.
DEPVAR defines a maximum of five variable names (format 5A10) as dependent
variables. The word PLOT causes the graphs to be generated with the current
titles, dependent and independent variables.

In order to uniquely identify all variables, a two digit numerical prefix
is assigned to each repetative data name. For example, if TOLA subroutine
SDFLGP has saved data for landing gears one, three, and five, PLTDAT will assign
a 01 prefix to all data for gear one, a 02 prefix to all data for gear three,
and a 03 prefix to all data for gear five. Thus the strut acceleration for
gear five would be 03SD2 while the strut stroke for gear three would be 02§,

Figure 3-8 shows a sample of input data for the plotting program. TOLA
subroutine SDFLCP has already saved flexible body data for three points on
the aircraft and landing gear data for gear numbers one, three, four and five.
The first line in the plotting data indicates that two hundred points will be
plotted on each graph. The main title for the first plot is "TOLA TIME HISTORY"
while the subtitle is "STRUT ACCELERATIONS". The independent variable is time.
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The dependent variables are the strut accelerations corresponding to the first

three gears for which data is stored, struts one, three, and four.
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FIGURE 3-4 SAMPLE OF PLOTTING DATA

For the second graph, no main title is defined so the program uses the
current title defined by TITLEl. The subtitle for this plot is "STRUT
DISPLACEMENTS" as shown by the TITLE2 card. The independent variable has
not been redefined and therefore is still time. The dependent variables are
the strut displacements for gears one, three and four.

The third and final plot indicated by these data also uses the current
main title but redefines the subtitle as "FLEXIBLE ACCELERATION-PILOT STATION".
The independent variable is still time while the single dependent variable is
the vertical acceleration at the first flexible body point.

The following standard CalComp plotting routines are called by PLIDAT:

PLOTS PLOT SCALE NUMBER
LABFL SYMECOL AXIS
3.2.6 Comments on Program Operation - In addition to a working knowledge

of the program, the user is generally interested in the size of the program
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and its operating cost. Using the existing OVERLAY structure, the TOLA com-
puter program with the flexible body option has a core requirement of 67K
octal words. Most of the space associated with the flexible body crtion t-
self is allocated to store the potentially large quantity of input modal data.
Every effort was made during program development to streamline the option.
Program operating costs vary from one computer system to the next so it
is not possible to develop a single cost formula. Several observations, how-
ever, can be made. The major factors that effect the cost of a TOLA run are
the total number of integration steps and the number of variables that need
to be integrated. The number of integration steps is dictated by the time
length of the analysis and the integration step size. Although the user has
little control over the step size chosen by the integration routine, he can
directly input the time at which the program will terminate. Care should be

taken to insure that the program does not continue to run beyond the points
of interest. An approximation to determine the time of a flexible body run is
given by the expression:

(NO. OF INTEGRATED VARIABLES) 1.4

. FLEX
(TIME) o oy * (TIME) prcrp \ 73O, OF INTEGRACED VARIABLES)

RIGID
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4. SUBROUTINE DESCRIPTIONS

A description of all subroutines added to the original version of the
TOLA computer program is included in this section. Also, those existing
equations that were modified to include flexibility effects are shown. The
executive subroutine of the flexible body option is FLEX1l. This routine
contains calls to the other subroutines associated with the option, and as
a group, formulates and solves the equations of motion for points on the
flexible airframe.

4.1 FLEX1l - Subroutine FLEX1 formulates a maximum of twenty coupled,
second order differential equations, and through matrix manipulation, solves
the following set of simultaneous linear equations:

(Al fd}={8} (4-1)
The coefficient matrix [A] 1s a function of the generalized mass corresponding
to each mode, the mode shape defined at each stirut attach point, and the strut
masses. The matrix B 1is a function of all external forces and terms con-
sidered as forces during each time increment. The independent variables lﬁ}
are the second derivative of the generalized coordinates with respect to
time.
The overall subroutine is divided into several entry points with each
entry performing the function described below:
FLEX1 establishes data blocks and array sizes and initializes variables.
FLEX2 computes those components of matrices [A] and {B} that are time
invariant and determines the initial generalized dispiacements.
FLEX3 computes the time varying components of matrix {B’ and formulates
the simultaneous linear equations as a function of g.
FLEX4 is null.
FLEX5 is null.
FLEX6 formulates and prints the output data generated by the flexible
body option.
FLEX7 transfers time dependent variables to and from the integration

routine.

PRECEDING PAGE SLANK NOT FILMED
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4.2 DECOMP - Subroutine DECOMP is pert of a package that solves the
set of simultaneous equations defined in equation (4~1). DECOMP manipulates
the coefficient matrix [A] into upper and lower triangular form which, com-
bined with subroutine SOLVE, eliminates the need for a matrix inverse routine.
Subroutine DECOMP is called from ENTRY FLEX2.

4.3 BSOLVE - Subroutine SOLVE determines the values of {ﬁ[ based on the
upper and lower triangular coefficient matrix calculated in DECOMP and the
matrix {l' determined in FLEX3. Subroutine SOLVE is called from ENTRY FLEX3.

4.4 EING - Subroutine SING prints error diagrostics and terminates the
program if subroutine DECOMP cannot properly transform the coefficient matrix
[A] into upper and lower triangular form. SING is called from DECOMP,

4.5 Matrix Subroutines - The subroutinees that follow are standard CDC
library matrix routines that are included with the option to make the program
independent of any machine library shortcomings or limitations. All of these
routines are called from ENTRY FLEX2 or ENTRY FLEX3,

ARAY - Subroutine ARAY converts a data array from single to double
dimension. The CDC library title for this routine (ARRAY) was changed since
there was an existing TOLA subroutine by that name.

CTIE - Subroutine CTIE adjoins two matrices by columns.

LOC = Subroutine LOC computes a vector subscript for an element in a
matrix of specified storage mode.

GTPRD - Subroutine GTPRD gives the transpose product of two general
matrices.

GMSUB - Subroutine GMSUB will subtract two general matrices.

GMADD - Subroutine GMADD adds two general matrices.

GMPRD - Subroutine GMPRD computes the product of two general matrices.

4.6 Modifications to Existing TOLA Equations - Existing TOLA equations
were modified to include the effects of flexibility on landing gear displace-

ments, velocities and accelerations. The three components of the strut attach

point position vectors, RAZ' were revised to include the gene ilized

Rax® Ray
flexible displacement as follows:
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n=]1

k
CRay 2= Ray ?‘* 1, ;p 0, <£°yn an

Y

(4-2)

\laz KrAEJ 1

3 % “3_ f‘m_)

where 11. ’1’ and "1 transform the displaceme.'s from inertial axes to body
axes systems,

The changes in the strut velocity equations resulted from introducing
the generalized flexible velocity q. As rewritten, the components of the
strut attach point velocity vector are as follows:

& b Yook oy,
RDJ( - ‘nx* (qEOzn - Z ¢yn qn+ Z cb)m U
n=1 n=1 n=1
N N N
k k k
y * Ryt (r2°m ok B ¢m) % * *yn 9% (4-3)
n=1 n=1 n=1
N N N
k k Kk
Rpz = Rpz * ("Zoyn -1 Z°xn) Lt el
n=1 n=1 n=1
where p, q, and r are the rigid body roll, pitch and yaw rates respectively.
Similarly, the strut acceleration equations are modified by incorpor-

ating the generalized flexible acceleration §. The revised equation then

takes on the form

N N
" e k . k .
S=be 831 E ¢xn U " 8k33 Z ¢zn dn (4=4)
n=1 n=1
All of these modifications to the landing gear equations were made in sub-
routine LGEA3C.

The forces and moments resulting from landing gear flexibility were

incorporated into the rigid body equations as shown below.
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VLN ek =

(4-5)

k k
Lok e ﬁ :1% {Rluy ‘:n - mkl: - .kll (rFk = skc)] ‘yn} qn

k
i -2:1 ; % UReaz * Opy Oy = 8,00 0y = (R = a0 (g -8, )

RN

zn
N=N-=- (= o+ ( -3 (rp, = 8, )] ¢ ) Y
1 £= " Rkly xn Rklx kl3 “"Fk ke yn n

These additions were made in subroutine LGEAR],
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5., FLOW LOGIC FOR FLEXIBLE BODY OPTION
Subroutine FLEX1 employs a matrix approach to formulate and solve the

flexible body equations of motion. These equations are given as

e+ 42 m.] <q.>
[EA]

- .

(e
aden
5] Pl - B 8 fae] P Progond = o

Definition of these symbols with their program variable names are given in

-—-“-.

Figure 5-1.

Many of the terms in Equation (5-1) are constant and need be calculated
only in the initial call to subroutine FLEXl after the option has been staged
into the program. Rewriting this equation in a shorthand matrix form that

separates the constant terms from the time dependent variables yields
" A S

(M] {4} + (K] {q} + [GFORC1] : ¥ + [GFORC2) {mxmk}
233 5

+ [GFOKC3) {d.m } + [GFORCA] {d m | = {Q i

(5-2)

A comparison of Equations (5-1) and (5-2) will aid in determining which terms
are included in each of the shorthand matrix expressioms.

Each matrix in Equation (5-2) is formulated in a particular section or
entry of subroutine FLEX1. The subroutine further manipulates the equation




into a set of linear, simultaneous -;iations with ¢ as the independent variable.

M) {4} = {8} (5-3)
This set of equations is then solved for §.

The flow diagrams that follow indicate the sequential approach used to
formulate the components of the flexible body equations of motion and the

subsequent solution of these equations. A section of subroutine coding is
listed preceded by an explanation of the function of that section. The

notation used in the coding 1s given in Figure (5-1).

A complete listing of the modified TOLA computer program with the flexible
body option is given in Appendix A.

m,  GMASS1 GENERALIZED MASS OF s'" MODE

o, GFREQ NATURAL FREQUENCY OF s°" MODE

Q. Q:', ok, X, Y, Z COMPONENTS OF THE MODAL DEFLECTIONS
SXMOD, SYMOD, SZMOD FOR THE kP STRUT ATTACH POINT

m,  SMASS MASS OF %P sTRUT

X, Y, Z RIGID EODY TRANSLATIONAL ACCELERATIONS

8110 3130 3310 %33 DIRECTION COSINES RELATING ETRUT COORDINATE

All, Al3, A31, A33 SYSTEM TO BODY COORDINATE SYSTEM

ék ) ACCELERATION OF k™" STRUT
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6., EXAMPLES
This section provides two examples illustrating the modified TOLA computer
program input and results, It is intended to show actual program operation with
emphasis placed on properly interpreting and incorporating flexible body data.
Each example consists of a brief explanation with a listing of all input data and
sample output given in the appendix section. Input data for both cases were

supplied by the NASA langley Research Center.

6.1 Rigid Body Example - This case demonstrates how to exercise the modified
TULA computer program without including the effects of flexibility., All the
data defined in Reference 1 for a rigid body case are required. As can be seen
in the input data listing of Appendix D, setting the indicator INDFLX to zero is
the only flexible body data required when running a rigid body case.

6.2 Flexible Body Example - This case demonstrates how to incorporate the

effects of flexibility in a takeoff or land!ng =2nalysis through the use of the
flexible body option, All modal data required by the option was supplied by
NASA and are shown in Figure 6-1., These data consist of a modal frequency,
generalized mass, and modal deflections for sixteen free-free normal modes,
Several observations can be made that help in interpreting program input
and results, Only modal deflections in the vertical (Z) direction are given, |
consequently, there is no fl .ible body response in the X and Y direction., In
addirion, the mode shapes defined by the deflections are all symmetric from wing
tip to wing tip. This results in a symmetric landing (simultaneous main gear !
touchdown) since all the rigid body rigid body data are also symmetric,
The first four modes shown in Figure 6-1 were used to represent ailrframe
elasticity. Referring to the input data listing in Appendix E, the flexible body
option indicator is set equal to one, Each modal frequency and generalized mass
are placed in arrays GFREQ and GMASS1 respectively, The vertical deflections
for each landing gear attach point are in SZMOD., Since there are no other land-
ing gear data, SXMOD and SY!')D are not input. Modal data for the aerodynamic
reference point are contained in ARMODE, Aerodynamic weighting factors were
calculated using the procedure outlined in Appendix B assuming an elliptical
spanwise lift distribution over the aircraft's wing. These factors are in array
PF. Engine attach point modal data in the X direction are assumed zero; there-

force, TXMODE is not input. Flexible body responses are output for four points
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FIGURE 6-1 FLEXIBLE BODY DATA
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MODE | MODAL MODAL NORMALIZED MODAL DATA - POSITIVE DOWN
NUMBER| FREQ | MASS [PILOT | NOSE | AERO | AERO  |MAIN |ENGINE| TAIL
HZ SLUGS | STA. GEAR | DEF SLOPE |GEARS
1 2,099|66.6617|+.1970|+.0800] -.1140| -4 .239E-4 |-.1000| -.0400|+.2030
2 2.628|79.4557| -.0385|-.0200| -.0414] 3.643E-4|-.0042]+.1885]-.2440
3 | 4.784]70.8341|+.0035|-.1530(+.0405| -6.03E~4 [+.1393|+.1380(-.1072
4 6.907|18.1131] +.0035| -.0650| +.0644| -3.034E-5]|+.0112]| -.0510(~.1250
5 7.671|20.0656|+.0254|+.0400|-.0342|-5.653E-5]-.0087|+.0111]+.1998
6 9.728199.7316| +.3028(+.1850| -.0054| -1,351E-1|+.1200|+.0559] -.4409
7 |11.797|70.4027]|-.1673|-.0100]-.1258| 3.716E-4|+.1050|+.0588|-.0165
8 [13.878(31.6212{~.1157|+.0500|-.0323|-9.602E-4|-.0100]+.0350]-.2167
9 [15.552|40.4199|+.0494|-.0300|-.0036| 7.309E-4|+.0500|+.1025|+.2985
10 [17.638]12.1885 -'00<8 +.0050| -.0044| 8.596E-7|+.0500|+.0100|+.0982
11 |20.019|27.2611|+.0370|-.0500|-.0814]| 5.78E-4 |-.0870|-.0200]-.3728
12 |21.099]25.7565|+.0181!- .0350|-.0653| 2.801E-4|+.0200|+.0075|-.0837
13 [23.396|37.8456|+.0135|-.0500|+.0085| 1.617E-4| .0000|+.0400|-.1269
14 |[23.969(39.6848|-,0180].0400|-.0009|~1.503E~4|+.0350]|+.0250| -.2163
15 |25.637(29.5837|-.0072|+.0150|+.0174|-1.417E-4] -.1300| -.0300| +.2243
16 |25.694| 8.2589|-.0023|+.0075|+.0044|~4.213E-5] -.0320|+.00650| +.0670
PILOT STATION X = 42,6667 ENGINES X = =5,4722
NOSE GEAR X = 35.08333 Y = Y14.1667
MAIN GEARS X = -2,83867 TAIL X = -32.333
Y = ¥8,3333
Z = 0.509583




.‘.‘ N \’H\ I ';-\ . -
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on the aircraft, the pilot station, nose gear, right main gear, and tail. Modal

data for these points are in OUTMOD and, their position vectors are defined in
ROIS.

Sample output for this run follows the input listing.
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APPENDIX A

PROGRAM LISTING - TOLA COMPUTER PROGRAM

WITH FLEXIBLE BODY OPTION
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AERODYNAMIC WEIGHTING FACTORS

In the TOLA computer program, the aerodynamic effects are treated as con-
centrated loads in the form of total aerodynamic forces and moments acting at
a reference point on the airframe, These quantities are calculated in the
aerodynamics subprogram (SACS) and are defined as follows:

a = axial force (body axis)

y
nf = normal force (body axis)

side force (body axis)

L = moment about body X axis

m = moment about body Y axis

n = moment about body Z axis
To obtain realistic flexible body response to these aerodynamic loads, weight-
ing effects or participation factors, PF(I), for the response of each normal
mode are required.

An approach to determine the weighting effect for the Z translational
degree of freedom is given below. A similar method can be used to determine
the remaining participation factors.

In TOLA, the generalized aerodynamic force is calculated as the product
of the total 1ift, the vertical modal deflection at the reference point, and
a participation factor

QAZ = ¢ ¢ZR PF
If the actual generalized force due to aerodynamics is obtained by integrating
tne product of tne pressure distribution and modal deflection over the lifting
area, the expression for thils quantity would be given as

Qa, = J; ¢, (x,y) P(x,y) dA
Equating the two force expressions, an equaticn for the participation factor

can be ovotained.
Ji ¢, oy PGy an

PF =
ng ¢
Zg
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