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ABSTRACT

This report describes a flexible body option that was developed and added
to the Takeoff and Landing Analysis (TOLA) computer program. The addition
of the flexible body option to TOLA allows it to be used to study essentially
any conventional type airplane in the ground operating enviromment. It pro-
vides the capability to predict the total motion of selected points on an
aircraft including the effects of the elastic motion of the airplane. The
analytical methods incorporated in the program and operating imstructions for
the option are described. A program listing is included along with several
example problems to aid in interpretation of the operating instructions and

to illustrate program usage.
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1. INTRODUCTION

This report describes the flexible body option of the airplane Takeoff
and Landing Analysis (TOLA) computer program. This option tras developed by
McDonnell Douglas Astromautics Company-East under NASA Contract NAS1-13259
for investigation of aircraft respomse in a ground operating environment. The
response data provided can be used for evaluation of structural fatigue 1life,
ground handling characteristics, passenger comfort and vehicle loads.

The original TOLA computer program was developed by Air Force Flight
Dynamics Laboratory personnel and is described in References (1) through (4).
This formulation provides a complete simulation of the aircraft takeoff and
landing problem. Effects simulated include aircraft control and performance
during glide slope, flare, landii ; roll and takeoff roll for an alrcraft with
a rigid airframe.

The flexible body option added to TOLA provides the additiomal capa-
bility to predict the total motion of desired points on the alrcraft in-
cluding the effects of the elastic motion of the airframe in the ground
operating envirorment. A block diagram of the TOLA computer program with the
fiexible body option is shown in Figure 1-1.

This report describes: the analytical methods used to formulate the
flexible body effects; the changes and additions made to the TOLA computer
program; the use of the revised program; and the check cases run to verify
program resulil

User's and programmer's documentation (Reference 5) provides addi-

tional information about the TOLA program flexible body option.
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2. FLEXIBLE BODY OPTION CAPABILITIES

The TOLA computer program permits a comprehensive simulation of the
airplane takeoff and landing problem. The addition of the flexible body
option to TOLA allows it to be used to study essentially any type of aircraft
in the ground operating environmment. TOLA's capabilities, assuming a rigid
aireraft, are discussed in detail in Reference (4)., All of those capabil-
ities are retained in the modified wversion of TOLA. For the sake of complete-
ness, most of them are repeated in the description of the flexible body option
below.

2.1 Aircraft Simulation — The flexible body option version of TOLA can

simulate an aircraft with up to four engines and a maximum of five landing
gears. The airframe, defined as the airplane minus its landing gears, may
be idealized as either a rigid body or a flexible body. Basically, this
modified version of TOLA has two options; a rigid airframe option and a
flexible airframe option. In the flexible airframe option, the flexibility
is represented by the superposition of free-free vibratory modes on the
rigid body motion. TFrom one to twenty modes may be included to represent
the airframe flexibility. These modal data must be imnput to the program.
Airframe time history data printed out include 1) rigid body displacements,

velocities and accelerations at the center of massj 2) elastic body displace-

et

ments, velocities and accelerations at up to 20 points on the airframe; and

3) total (rigid body plus elastic body) velocities and accelerations at

LR R s LT

these same points. E
The dynamic effects of a maximm of five independent landing gears are :

simulated. The landing gear idealized, shown in Figure 2-1, is a double air

chamber olec strut with balloon tires, similar to that used on the C-5A air-

eraft; the secondary piston and air chamber can be eliminated from the prob-

lem, if desired. Each of the struts must lie in a plane parallel to the

aircraft plane of symmetry, but the strut axis may be nonperpendicular to

the longitudinal aircraft axis. The position and velocity of each strut and

secondary piston are obtained by numerical integration subject to position

coustraints (for example, the main strut must move within the limits of the

fully extended position and strut bottom positiomn). Orifice coefficlents

can depend on the direction of oil flow through the crifice. Wing-gear root
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friction (i.e., binding friction between moving strut and its support at the
wing) is also included. Tire forces depend upon tire deflection and a co-
efficient of friction whicn is a functica of 'percent skid", the ratio

of tire footprint velocity to axle Velocity. The simulation is designed to
consider that the gears may bounce off and back onte the runway. Complete

information on the dynamic state of the landing gears is printed out by TOLA.

UPPER AIR CHAMBER

SECONDARY METERING ORIFICE

PRIMARY METERING SECONDARY PISTON

ORIFICE
SECONDARY PISTON COMPRESSION STOP

SECONDARY PISTON \ LOWER AIR CHAMBER
EXTENSION STOP /
‘ it

FIGURE 2-1 LANDING GEAR STRUT CONFIGURATION

The simulated aircraft, as represented by the airframe rigid and flex-

ible body equations of motion and the strut, strut secondary piston and wheel

equations of motion, may be subjected to time varying forces, ground reactions

and maneuver commands.
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Fforces in the problem simulation include engine thrust, aerodynamics
including ground effects, drag chute forces, landing gear tire-ground reac-
tion and braking forces. These forces may be varied and/or staged within the
aircraft's capability by the maneuver logic and autopilot simulations dis-

cussed in the next section.

2.2 Autopilot Simulation - The function of the autopilot is to specify

the aircraft's control variable magnitudes that result in the required air-
craft performance during glide slope, flare, landing roll, and takeoff roll.
The z2ucopilot simulation is described in detail in Reference (2). Since the
capabilities of the autopilot are not changed in the flexible body option of
TOLA, they will be only summarized here.

Figure 2-2 shows a simplified block diagram of the autopilot simulation.
The maneuver logic utiiizes information on the state of the aircraft obtained
from solution of the airplane equations of motion to compute state errors. If
necessary, it defines a corrective maneuver by specifying, for example, angle
of attacl, roll angle, thrust levels, and braking values. The maneuver logic
also specifies the staging of events such as spoiler activation, kill power,
engine failure, thrust reversal, drag chute deployment, brake activation and
brake failure.

The maneuver logic output is used by the pitch, yaw, roll, throttle and
braking autopilot to determine desired values of the control variables. These
values, after adjustment for simulated control system lags, become the actual
contvol variable magnitudes that determine the aircraft response. Complete
information on the state of the maneuver logic, the five autopilots and the

control response are printed.

s e
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3. FLEXIBLE BODY OPTION

The flexible body option version of TOLA provides the capability to
predict the total motion of an aircraft including airframe elastic effects
and landing gear dynamics. It can simulate an aircraft with up to five landg-
ing gears and four engines considering the airframe to be either rigid or
flexible. The analytical methods used to develop the computer program are
presented in Section 3.1. Organization of the computer program is presented
in Section 3.2, operating instructions in Section 3.3 and demonstration and
verification problems are presented in Section 3.4. A listing of the program
is given in Appendix A.

3.1 Analytical Methods - Analytical methods used to develop the TOLA

flexible body option are presented below. Included are discussions of coordi-
nate systems, equations of motion, and simplifying assumptions.

3.1.1 Coordinate Systems ~ Four types of coordinate systems, as shown

in Figure 3-1, are used to locate the aircraft as a function of time. These

consist of two coordinate systems fixed relative to the earth, and two systems

moving with the airplane. These right-handed, orthogonal axes systems are

defined as follows:

Inertial Coordinate System (Xg’ Yg’ Zg) - This is a coordinate system
fixed relative to the earth's local acceleration of gravity vector. The Zg
axis is directed along the local gravitational vector with the Xg and Yg axes

perpendicular to it.

Runway Coordinate System (XR, YR, Z_) - This is an earth fixed coordinate

R
system located a distance RgR along the Xg axis. YR is parallel to Yg and the

runway has an elevation angile,

is RL'

Body Coordinate System (XO, Yo’ Zo) ~ This is a coordinate system moving

ER, relative to the Xg axis. The runway length

with the airplane and fixed at the center of mass. The mass center is located
YO is positive outboard in the right wing directicn and Zo is positive
dovnward. The airplane’s angular positions are defined in terms of the three
Euler angles ¥, O, and ¢. Definition of the aircraft's angular position
relative to the inertial axes system is based on a specific order for the
Euler angle rotations. The order required for these rotations consists of an
initial rotation, ¥, about the Zg axis, followed by a rotation, ©, about the

displaced Yg axis and finally by a rotation, ¢, about the direction of the
7
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displaced Xo axis resulting from the two previous rotations. When all three
of the Euler angles are zero, the airplane or body coordinate system is !

aligned with the inertial coordinate system.

Strut Coordinate Systems (Xk’ Yk’ Zk) - These ars coordinate systems moving

with the airplane and located relative to the body coordinate system by the

vector (ﬁ#)o. Yk is parallel to Yo' Z, and Xk are rotated about tne positive

k

YO axis by the angle O, such that the direction of gear movement is along the

k
Zk direction.
The runway coordinate system is related to the inertial coordinate system

by the following relationships:

e ) Rair 0 Rzl (%
YR S = 0 1 0 Yg (3-1)
Zg ) [-RGSl 0 Rs33 Zg ‘
f
!
where RGll = Ccos ER
Rm3=—-mnER
RG31 = sin ER '
RG33 = cos8 ER
The body coordinate system is related to the inertial coordinate system
by the following relationships:
XO 1l 12 13 Xg g
Yo = m m, m, Yg (3-2)
Zo n, n, n3 Zg
where l1 = cos O cos ¥
12 = cos O sin ¥
l3 = - sin @
m = sin ¢ sin © cos ¥ ~ cos ¢ sin ¥
m, = sin ¢ sin @ cos ¥ + cos & cos ¥
m, = sin ¢ cos @

\O
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n, = cos ¢ sin © cos Y + sin ¢ sin ¥
n, = cos $ sin © sin ¥ - sin ¢ cos ¥
n, = cos ¢ cos B

The strut coordinate systems are related to the body coordinate system

as follows:

Xk Akll 0 Ak13 Xo
Yk = 0 1 0 Yo {3-3)
Zy Ayar 0 Aeasd | %

where Akll = cos @k

Akl3 ~ sin Gk
sin @

Aeap K
cos O

Aras K

3.1.2 Equations of Motion - The equations of motion are discussed in

1l

two parts. The equations of motion for the airplane are presented first. The
second part discusses the landing gear equations which consist of the strut
mass, strut secondary piston mass and the wheel equations.

3.1.2.1 Airplane Equations - The airplane rigid body and flexible body

equations are developed in this section. The airplane main body is defined
as the airplane less its landing gears. As such the airplane is represented
by K+l bodies: the aircraft main body is considered the Oth body; a typical
landing gear is considered the kth body with K being the total number of
gears. The landing gear struts are considered "rigid" in this development
but allowed to move relative to the main body.

The dynamic motion of the main body is described using the rormal mode
method. In this method the main body motion is approximated by the combina-
tion 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)
vibratory modes., The rigid body modes were assumed to be the three transla-
tional displacements defining the position of the airplane's center of mass

and three angular displacements defined in the body coordinate system.

10
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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 energy expressions.

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

Eki =R + (Ek>o + ?ki (3-4)

e s < . th .
= position vector of reference point on main or 0 body relative to
inertial coordinate system.

h

position vector of kt body reference point relative to the body

o coordinate system.

jl

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 0th body (k = 0). A typical landing gear is the k'h body
(k =1, 2, 3...K).

th — .
Note that for k = 0, the point i is on the main or 0 ' body and (Ro) is
o

identically zero. This gives

poi =R+ roi (3-5)

- . . ; h .
rg < position vector of point i relative to the 0t body coordinate system.

Differentiating the displacement vector given by equation (3-4) with
respect to time to obtain the velocity required in the kinetic energy

expression results in

Pra TR TR e xR mg Ty x Ty (3-6)
= '-h .
where R = yelocity vector of reference point on 0 = body in the inertial

coordinate system

s . th
velocity vector of kth body reference point relative to O

o body coordinate system

2

a; = angular velocity of Oth body in body coordinate system

;ﬁi = velocity vector of point 1 relative to the strut coordinate
system

Gk = angular velocity of the kth body relative to the strut coordi-

nate system
11

= position vector of point i relative to the imertial coordinate system.
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By locating the strut coordinate system reference poilnt on the 0th body at the
the strut attachment point, the angular velocities of the body and strut

coordinate systems are the same. Therefore

B -w = -
o mk w (3 7)
and the velocity vector may be written

Eki =R + (‘ﬁk)0 + ?ki + 0 x [(ik)0 + ‘Eki] (3-8)

It is assumed that the position vectors (ﬁ#) and ;ki used to locate
point i in equation (3-8) can be separated into t8rms which vary with time

and terms which remain constant with time. Thus, these vectors may be

written
F) =Ry Fee®
° (3-9)
Tii = Tigs * Tige(®)
where Eﬁs = undeformed position of kth body reference_point in the body

coordinate system

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

Tiis undeformed position of point i in the strut coordinate
systen
T iét> = deformed position of point i in the strut coordinate system

measured from the undeformed position of that peint
These position vectors are shown in Figure 3-3.

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 (ﬁk) and ;ki that vary with time may be written as

o

N
_ -k
R (6) = 2 b q,(c)

n=1
and for k=0 (3-10)
N
- _ -1
roia(t) - 2: ¢n qn(t)
n=1

13
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FIGURE 3-3 POSITION OF POINT i RELATIVE TO BODY COORDINATE SYSTEM

where N = number of vibratory modes included

$ , ¢_ = magnitude of nth elastic mode at points i and k respectively.

B % (k used to superscript refers to attachment point of kth body
k=1, 2, 3...K)

qn = generalized coordinate associated with the nth mode. These

are a function 2f time.

Using equations 3-8, 3-9 and 3-10, the velocity of point i may be written as
follows:

For point i on the kth landing gear

N -k N X
pki =R Z ¢n 9 t Trie tux [Rks + Z d)n 9 + Tkis + rkie] (3-11)
n=1 n=1

For point i on the main or 0th body
N N
. . -1 -k
Poi ~ R +Z ¢n Ap tux [rois + Z ¢n qn] (3-12)
'n=l n=1

The kinetic energy of the K+l bodies, T, is obtained by summing the

14
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T

kinetic energy of all points i in the system having a nass mki

K I
-1 = - -
T=13 Z_,E: M1 Pkd * Pki (3-13)

k=0 i=1

where K is the total number of landing gears and I is the total number of mass
points.

The 0th or elastic body kinetic energy may be separated from the strut
kinetic energy to give

I XK I
I = z m o . o +'l 3- . ;- (3-14)
2 Z oi Poi " Poi " 2 i Pri C Pki
i=1 k=1 i=1

Since the struts are considered rigid,

kN
Z M Pri = T Ekc (3-13)

i=1
and the kinetic energy may be written
I K
1 . LR 1 - -
T = — . —_ . . -
T2 ot Poi * Poi * 22 e Pre * Pre (3-16)
i=1 k=1

In this expression mk is the mass of the kth strut and ELC, the velocity of

t . .
the k h strut mass center is given by

-~ =~ i ~k - — — S ~k _ -
Prc = R 4+ E ¢n a, + Iy e + wx [Rks'+ ¢n q, + T res + rkce] (3-17)
n=1 n=1

in which the subscript c refers to the mass center of the kth strut. Note
that r, + 1. = , Che position vector of the kth strut mass center
kes  Tkee ke
relative to the strut coordinate system (See Figure 3-2).

The components of tche vectors'Eoi and‘BL in the kinetic energy a2xpres-—

C

sion (3-16) were used in applying the Lagrangian equations. The components
of these vectors are defined below using the unit normal vectors (E%, E&, E;)

for the coordinate system in which they are defined.

15




R =X71 +Y 1 +2z i
g “xg g ve g zg
-1 i 7 i - i
- i T
¢n ¢xn X0 + ¢yn iyo * ¢zn z0
w = i i

w 1 4+ w1 + w i

X Xo ¥y yo z
Rksx ixo + Rksy iyo + Rksz 10 (3ng)
kes | “kesx Txk + rkcsy iyk + Tresz “2k

Z0

5

"ree ~ "keex “xk * rkcey iyk * Tkeez izk

r_. r . i +r ., i +rxr. 1
ois oisx "xo oisy “yo oisz =zk

The position vector

+ r (3-19)

defines the position of the kth strut center of mass relative to the strut
coordinate system in general terms. To incorporate the strut configuration
modeled in TOLA, this vectar was modified to reflect the actual strut
displacements. Using Figure 3-4, which was adapted from Reference (1), the

displacement,-;kc, of the kth moving strut mass is given by

ke (rFk - Skc - sk) izlc (3-20)

where T = fully extended position of axle

Skc

It

distance between strut asle and strut mass center

It

S main strut displacement

k

Equation (3-20) is equation (26) of Reference 1. The quantities r_, and S

Fk
is the time varying displacement

ke

are reference lengths or distances and Sk

restricted to move in the'zék direction. Therefore the components in equation

(3-19) become
Tkes (rFk - Skc) 1zk
_ _ (3-21)

= - i
rkce Sk zk

16
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n=1

The potential energy, U, due to the strain energy of the main or 0th i
body is f
_1 2 2 |

L D IR N - 3-22) |

the natural frequency of the nth free-free mode

It

where W
n

il

m
1

generalized mass of nth elastic mode i
The airplane's equations of motion were obtained by using the Lagrangian
equations and the energy expressions of (3-16) and (3-22)., The Lagrangian

equations may be written

d (BT ) 9T | U
at \3 2 5q
% U p F

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

generalized force or moment in pth mode

I

%

N

The resulting rigid body translational, rigid body rotational, and the flex-
ible body equations of motion are given in Equations (3-24), (3-25) and
{3-26) respectively. Insofar as practical, TOLA nomenclature (Reference.l)
has beer used. Th:refore, the rigid body equations reflecting the effects
of the 0th body filexibility can be readily compared to the existing TOLA
rigid body equatfons given in Reference (1) as Equations (157) and (158).
The flexible body equations are coupled together and to the rigid body
equations by the strut masses m, . This results from the manner in which

the airplane was idealized as a system of K+l bodies. The struts (the k
bodies) were considered "rigid" but allowed to move with respect to the main

body or airframe. The airframe (0th body) was considered flexible with its

elastic effects representéd by a limited number of free-free vibratory modes.
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RIGID BODY TRANSLATIONAL EQUATIONS

T

Fp =M R k1 Tro ¥ Ay Tpol
k=1 n=1 k=1
k = k =
+ i+ (3-24)
¢yn yo ¢zn lzo]
RIGID BODY ROTATIONAL EQUATIONS
K
— =? .—+— | .Iu- LR 3 - -_
M, Crux [T D ™Sk [ A1 Reey Txo T i3 Ry |
k=1 ‘-
|
* Akll Rksx Ale ksy 1zo]
N K
.o k L
+ EE: zz: Bedp [Rksy Yon ” (Rksz T A (rFk Skc)) ¢yn] *xo  (3-25)
n=1 k=1
1
+ [( ) e - ® - (. -8 ) ¢1T |
Rksz Akll “Fr T kc n Rksx Ale Fk ke zn- yo ‘
* IR, - (tp - 5, 0) 65 - 65 11 |
Rksx Akl'J Fk ke Rksy Xn zo %
|
?& = rotal applied force acting on K+1 bodies !
MT = total mass of K+1 bodies
ﬁ; = total moment ~° all applied forces on K+l bodies about 0th body
center of ma:
i = inertia tensor for the K+1 bodies about 0th body center of mass

19
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FLEXIBLE AIRFRAME EQUATIONS OF MOTION

FOR §~=1, 2, 3, . . . N

N K
k k

2 k k k .o
. +
Msds + “g Mgl + Z Z mkwxs ¢)m + ¢ys ¢yn ¢zs ¢zn]qn
n=1 k=1

K
+ 2 m L = Ay S by * ¥ ¢;{'s T2 = Agy S 6]
k=1

K

Ny k k
* “x :E: mk[Rksy ¢zs - (Rksz + Akll (rFk - Skc)) ¢ys]
k=1

J N oo el e et B o B e

(3-26)

K
' k _ k
+ wy EE: mkE(Rksz * Me11 (rFk - Skc)) bye ~ (Rksx - Ale (rFk Skc)) ¢zs]
k=1

K

; k 1 =
o, ZE: mk[(Rksx ~ Aas e T Se)) ¢ys - Rksy byst = Qg
k=1

QS = Qz + Qgc + Qz = Generalized fo:ces associated with s th mode due to

engine tnrust, drag chute deployment and aerodynamic

pressure respectively

Symbols are defined on the following page

20
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FLEXIBLE AIRFRAME EQUATIONS OF MOTION

ms, qs, W = Generalized mass, generalized coordinate and natural frequency
respectively associated with the s th elastic free~free mode

T . p T T v
T 1 2 3 4
L] + +
Qs ¢xs Txl ¢xs TXZ ¢xs Tx3 + ¢xs Tx4

T, through Tx Engine thrust forces

xl 4

T T

1 4
th

bxs rough ¢xs

Magnitude of s th mode shape at point
force application

DC DC DC DC
= o -F
Qs ¢xs ch ¢ys Fcy * ¢zs cz
F o, F , F = Forces due to deployment of drag chute
cx’ ¢y’ ez .
DC DC  BC . .
¢xs’ ¢ys’ ¢zs Magnitude of s th mode shape at point of
force application
Q¢ =t awn? e yoB A a s+t e 14806 n+let g
s 5 'Xs 5 'ys s 'zg £ S Xs s ys s 28
a, vy, nf = Aerodynamic forces; 1, m,n = aerodynamic moments

¢A , ¢A s ¢A Magnitude of s th mode shape at point of

force application

BA BA GA Slope of s th mode shape at point of moment
application

]

B; through Bg Participation factors for s th mode
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Certain simplifying assumptions were made in the equations of motiom.
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
gear positions are very small compared to the overall airplane 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,

The terms in the rigid body equatioms, (3-24) and (3-25), resulting from
the addition of flexibility were programmed and added to the rigid body
equations already coded in TOLA. The flexible airframe equations of motion
(3-26) in their entirety were programmed and incorporated in TOLA.
Modifications in the strut equations of motion required to reflect the
elasticity of the airframe are discussed in the following section.

3.1.2.2 Landing Gear Equations - These equations consist of the strut

mass, strut secondary piston, and wheel equations of motion. Since the basie
landing gear idealizations are identical to those used in the existing TOLA
computer program, their equations of motion will not be completely rederived.
However, they will be discussed in sufficient detail so as to clarify the
changes made, ‘

h

The equation of the kt strut mass for a rigid airframe from Reference

(1), (Equation 37) is
S ={(R+ux (R) +wx[ex ®) ]} .1 -2 NF (3-27)
k Rk o Rk o "Tzk m kz

where sz = forces applied to kth strut in.IZk direction

The strut mass, m is defined as the landing gear mass which may move

relative to the airframe (Oth body). Sk is defined in Figure 3-4 and
22




Equation (?-20): Neglected and not shown in Equation (3-27) are the quanti-
ties 2y X-Ekg, w x ?kc and w x [& x ;kc]' These quantities were neglected

since w and w are small at landing and (Rk) > > rkc.
With airframe flexibility, the equatiog of motion for the kth strut mass

becomes
_ 22 LN = —_ —— — —_ — . l__ .
= {R + Rke + W ox R'ks +wux [wx Rks]} 'izk m Zsz (3-28)

In addition to the terms neglected in Equation (3-27), the quantities 2u x Rk
W x Rk , and w x [w x Rk ] were neglected in Equation (3-28) since p is small
at landing and Rks > > Rke' Thus, the modification in the strut equation of

motion to reflect airframe flexibility is

N N
e - k . k. -
Rke ‘izk - A'k31 Z ¢xn M * Ak33 Z ¢zn e (3-29)
n=1 n=1
Equation (3-29) was programmed and incorporated in the strut equavions solved
in TOLA's flexible body option.
The forces, sz, acting on the kth strut in Equation (3-28) are completely

defined in Reference (1). Some of these forces are functions of Sk2 and ékZ,

the displacement and velocity respectively, of the strut secondary piston
mass. Figure 2-1 shows the secondary piston mass and Figure 3-4 shows Skz'
The equation of motion for the kth strut secondary piston mass for a rigid

airframe from Reference (1), (Equation 56) is

s TS K — — = - . -
SkZ = -mzz— Zszz - {R+ wx (R-k)o +w x [wx (RI(JD]} llzk + Sk (3 30)

where mk2 = mass of kth strut secondary piston mass
FkZz = forces applied to kth strut secondary piston mass
Sk = Defined in Equation (3~27)

th

For the flexible body option, the k~ strut secondary piston mass equation is

P - [R+R ® xR wx[wxR I S -
Sk?‘"mlcz ZFRZZ (R+R +wxR _+wx[0xR_1}.T, +8 (3-31)

in which Sk is defined by Equation (3-28). The simplifying assumptions made

to obtain Equations (3-30) and (3-31) are identical to those made in arriving

23
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at Equations (3-27) and (3-28) respectively. Equation (3-29) also defines
the changes made to the kth strut secondary piston mass equation of motion in
TOLA to incorporate the flexible body optilon.

The final landing gear equation of motion to consider is the strut wheel
rotational equation. Since the ground reaction forces are dependent on the
tire~ground interface velocities, the rotational velocities of the wheels or

. R . : . th
tires are required. The rotational equation of motion for the k  strut

wheel is
w
5 Tk 1\ .
W, = (M., - — 1. (3-32)
n = ) )
Ak MBklmTk[ (Fk Ik
mTk = rotational rate of kth strut wheel
MAk = moment of the ground reaction forces about kth strut axle
MBk = moment of the applied braking forces about kth strut axle
Ik = moment of inertia of kth strut wheel about axle
, th
n, = number of tires on k strut

The above Equation (3-32) from Reference (1) (Equation 148} remains unchanged
in form for the flexible body option. However, the moment MAk is dependent
on the airframe elastic displacements and velocities.

In addition to MAk’ the ground reaction forces and moments included in
f&, ﬁg and sz of equations (3-24), (3-25), and (3-28) are functions of the
airframe elastic displacements or velocities. Also, other quantities,
guch as the tire deflection, which is directly used in the TOLA program logic
to determine whether or not the tire deflection has been exceeded, depend in
part on the airframe elastic displacements. The changes in the TOLA equations
made to reflect these effects are defined below.

The position vector of the kth strut axle for a rigid airframe, from

Equation (98) of Reference (1), is

— —

(Rk)o T R trg T Rag Tyg T Ragk 1o (3-33)
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where
Raxlc hom “1] Ry * Ae31 Oy ™ S
2 [Ryeyd
J (R, * Aeaz O~ 8

Rpyr )

RAzk ) 3 3

This position vector is shown in Figure 3-4. Using the first of Equations
(3-9) and (3-10), the position vector of the kth strut axle for the flexible

airframe option becomes

Axk Axk Axk
Ragi | = {Rayi ( F )2 Bayk (3-34)
RAzk RAzk a RAzk
where a ) /—ﬁ )
[~ 7 k
B Rk L, om;omy Y b 4
n=1

N
< A RAyk $:= l2 My T < :E: ¢§n M >

A Rypx 1, mg ny

./ N W,

The velocity vector of the kth strut axle was also modified. From

M =
N-e'?:‘
=}
50
AR ———

Equation (139) of Reference (1}, the velocity vector for the axle assuming a 1

rigid airframe 1s

(Rk)o + rk = Rka ixo + RDyk iyo + RDzk izo (3-35)
where
Rpxk [-8) Apay T g3 (g = 5 + 8y Reg — 5 Rl
Roo = | DOme ™ S Mz B T 8330 ¥ R T O Rzl
Rpzk [-8, Aqy = Y Agr e ™ 50 F Ux Ry %y By
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Using the time derivatives of the first

of Equations (3-9) and (3-10), the

velocity vector of the kth strut axle for the flexible airframe option is

) - )
] [P [ Foue
Royicp ~ <RDyk$ + (8 Roy& (3-36)
A
G A
where (_ ™ - N N N ™~
le k k
A Rka [myz ¢zn W’ e’ Z ¢yn Un +Z ¢xn qn]
n=1 n=1 n=1
W N N
k k k .
<A RDyk> - <[w2 Z cj):-:n i = NXZ cpzn 9h +z ¢yn qn] F
n=1 n=1 n=1
N N N
k k k .
& RDzk [wx Z ¢yn 9~ m}’ Z ¢xn N * Z (‘bzn qn]
./ \_ n=1 n=1 n=1 ,

This completes the discussion of the analytical methods used to modify the

TOLA computer program to incorporate the flexible body option,
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3.2 Program Description - The changes and additions made to the TOLA

computer program are discussed in general in this section. The structure of
the flexible body option and how it interfaces with the existing TOLA program
are described using a flow diagram. All programming is in CDC FORIRAN 2.3
language for machine computation on CDC 6000 series computers.

3.2,1 Option Flow Diagram - A flow diagram showing the general operation

of the flexible body option is shown in Figure 3-5. The three OVERLAY seg-
ments are shown in addition to the various subroutines which directly inter-
face with the fiexible body option subroutine, FLEX1. The diagram is not in-
tended to be a comprehensive programming chart, but shows the general flow of
the option logic and indicates the order of operations within FLEXl. A com-
plete listing of the TOLA computer program with flexible body option is given
in Appendix A.

The basic structure of TOLA has been retained. It is still made up of
three OVERLAY segments. OVERLAY (TOLA, O, 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.
TOLAN2Z is the executive subprogram in OVERLAY (TOLA, 2, 0). It provides the
autopilot and problem phase functions.

The flexible beody option is contained in subroutine FLEXl. The opera-
tions performed in FLEX1 are indicated in Figure 3-5. FLEX1l is structured
similar to subroutines QPT1 and LGEAR1. This allows efficient use of the
existing read, write, integration and update routines.

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

gelf 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
these data, far this is done in Reference 3. The sections that follow will
describe the general imput data format, define all possible data associated
with the flexible body option and the manner in which it is to be input, and

discuss the resulting output.
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I

ORIGKNAL PAGE TS
OF POOR QUALITY

SUBROUTIHE LGEAR]

LANDNIG GEAR ROUTINE
HITH FLEXIELE
EFFECTS ADDZD

CALL LGERR]
CALL TFFS
CALL vPCsl
CALL saCs)

EHTRY LGEAR?
ENTRY LGEAR3
ENTRY LGEARY

RETURH

TOLA L 0.
GHRETALL

SUBRQUTINE TFFSE

GENERAL READ ROUTINE
FOR QATA PUT

EXISTING ENGINE
THRUST ROUTIHE

RETURK

ENTRY TFFS3
ENYRY TFFS4
ERTRY TFFS5
ENTRY TFF56
ENTRY TFFS?

- |
CALL FLEX? -‘
CALL OFT7 |
CALL 0F7 §

CALL QVERLAY
TOLA, 2, 0, SHRECALL

RETURN

IR
|

‘__GHRETALL

|
..____‘L._7 1
OVERLAY
TOLAZ, 8 f
i
|
,

PROBLEY PHASE AND
AUTOPILOT ROUTHNES |

SUBROUTINE SACSL

S o)

EXISTING AERODYHAMIC
FORCE AND MORENT
ROUTIHE

ENTRY $ACS3
ENTRY SACSd
ENTAY 3ACSS
EHTRY SACSE
ENTRY SACE
ENTRY SACSS
ENTRY SACSS
EHTRY SACSI0
ENTRY SACSI]

TR T

SUBROUTINE MRIK

|
i
( A 4 | -
| GEMERAL INTEGRATION
© ROUTINE ; ! RETURN
I . \— /
: | |
CALL OFT7 |
! ' ; SUBROUTIHE VPCst
1 ™5 ® .
‘ ]

RETURK

'CONTINUED OM REXT PAGE!

ENTRY VPCS2
ENTRY VPCS3
EHTRY VPS4
ENTRY VPCSS
ENTRY ¥PCS6
ENTRY YPCS?

|

|

1

|

i

EXISTING VERICLE PAYSICAL | |
CHARACTERISTICS |
|

!

|

|

RETURN
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SUBROUTINE FLEX!

|
! | | gptsiindudedahate =1
| | ; SUSROUTINE INUPD ;
i | EsTABLISH cATA BLOCK | | I i
| [AKDINITIALIZEDATA 1 ESTABLISH LA MATRIX | |
| | | {usep in nTecRaTion |
| I | LRourike |
SOF ROUTINE INCLUDING | |
CALLS YO FLEX OPFION ] :
ENTRY FLEX? [ | |
! | e e — -
| I ORI ARRAY LAl TIHE I
(‘ | | IWVARIANT MATRICES |
[ C )| LAWDIWTIAL COHOITIONS | |
, I_—I‘— _______
i ~x | & | I" 1
!

CaLL FLEXS
CALL FLEXS

| PLACE DERIVATIVES
. | INTG Pl ARRAY
gl
| H
| ENTRY FLEX) | I RETURK
I ! [ J
| [CONPUTE OERVATIVES | |
ANG TRANSFER TO |
i | ARRAY Pib |
| |
I ! . —_———-= 1
[
[
|

i
: |
I I
I l
! PRINT HEADERS |
RETURH | | rreceowsoaa |
i | CUTPUT
! ENTRY FLEXA I
i | |
b _I

] i ENTRY FLEXS
RETURN

ENTRY FLEXE

%! SUBROLTINE $TOV
FORM AND PRINT THE E 3TOVAR

RETURK QUTPUT VARIABLES

CALL STFL

QUTPUT DATA
CALL STOVAR

|
|
|
|
|
i
i
!
I
I
|
1
1
b
i
i : ~ RETURK
]

‘ RETURN i
G |
I-_I_,/ ENTRY FLEX? I

¥ i o — ) ;

|
|
[
|
|
i
i
|
|
i

ENTRY OPT?

i
! !
| |
I i
| STORE AHD PRINT |
t |
! |
| I

|
UPDATE THE INTEGRATED ) I p  SUBROUTIRE UFDAT

|

VARIABLES I
|

UPDATE VALUES OF |

}

!

I

! INTEGRATED VARIABLES
CALL UPDAT > II

o v { RETURN
L mewmr ) L_T0————_ _
|

| CONTIRUED FROM PREVIOUS PAGE!

FIGURE 3-5 FLOW DIAGRAM FOR TOLA COMPUTER
PROGRAM FLEXIBLE BODY OPTION (Continued)
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3.3.1 General Input Data Format - The input data associated with the

flexible body option are read into the program by the 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:

-

Card Columns 1-6 7 ]8-10 11 j12-66 67-72 73-80
Field Number I II III v v VI VII

Field number I contains the alphanumeric variable name of *he’'data con-

tained in Field V. Example:

$TATEMEN
NUMBER

2[3]els
I P11

FORTRAN STATEMENT

— [COun]
X QH

ishe[1rlislis] 2 a1lez 23 2af2s 25]27Jas) zalacd 3t ) 32 ] 33k aa a5 )36 [ a7} 38| 38 eog i [42 143 [ax asfan| <7 {4e]s9)s0f 51052 |53| safsc]sa 52| 52|55 |eodat[e2les | s4[ s es]t?[ 6
T =1
B 1 T e
i

=
o
=
-

_TE

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

Field numbear II is not used.

Field number TIII 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 that 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 mot 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 contrel to the calling program.
Example:

3 [srarementz
) numser |8
5

FORTRAM STATEMENT

N BB RHEDEED |zuju 15]i nuiszszlzzuuzszszrnzsaohnazn:u1535nauzsmnazu_]gashsiagfﬂgg%ﬂus ARERA IRSEE ARG
wlE[n ARRRDBAEEE 8lolr DPT%QN i
FIR[E elef 12[.[of | d.[el 4]z
1
Ir ‘ |
i ]
Jre. 1
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Carma”

w rES‘
ORIGINAL PACE

On the first card, the 4 in column 12 indicates that four words follow; each
word is six characters long. This is a remarks card which helps identify the
data that follows. The second card defines a variable array FREQ(I) 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 a2 comma and the field 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 Field V. If this field is blank, an initial subscript of 1 is implied.
The subscript may appear anywhere in the field. Example:

¥ §STATEMENT]
C] numBER FORTRAN STATEMENT
1

RAONABOE 1:11: P T (3 I3 EX 3 EE: TV P XY R P P 73 ) EF: T2 I X1 7 T T TS A £ 0 3 PR S 3 1 (3 1 2 BN R ) S R R ) A ) S G (A I
0. 01715, 0 9l3 9} 4 2

[4q . . .
ilj]on t]|. 010 .JX3 i
i

%
3

o CONT|

=3
B3
m
2
=
I
i~

v}

In the example, SXMOD is an array containing five elements. The first element
is 0,073 while the fourth element is 1.0 as demoted by the 4 in column 67.

Field number VII is not used as far as the input routine is concerned.

3.3,2 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 3 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 3-6 and discussed below.

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

To use TOLA when the airframe is considered flexible, the indicator
INDFLY must be set equal to cne 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/ COORDINATE
VARTABLE 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(T) FREQUENCY OF I TH MODE (RADIANS/SEC)

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

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

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

TXMOD (1) BCS X MODE SHAPE FOR ENGINE THRUST APPLICATION
ATTACHMENT POINTS IN I TH MODE

ARMODE (1) BCS X,Y,2,0%,8y,62 COMPONENTS OF MODE SHAPE
FOR AERODYNAMIC FORCE AND MOMENT REFER-

. ENCE LOCATION IN I TH MODE

PF(I) PARTICIPATION FACTORS OF GENERALIZED
AERODYNAMIC FORCES 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 ATTACHMENT POINT IN I TH MODE

NPTS NUMBER OF POINTS ON THE AIRFRAM: »{ WHICH
OUTPUT IS REQUESTED (20 MAXIMURN)

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

OUTMOD (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 3-6 INPUT DATA FOR TOLA FLEXIBLE BODY OPTION
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can be used. The natural frequency, GFREQ(I), and generalized mass, GMASS1(I),

for each mode must be inpvt. 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 application of the engine thrust, TXMOD(I), and aerodynamic forces
and moments, ARMODE(I), 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
effects or participation factors, PF(I), of the aerodynamic loads 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 body option are in vector form
(one dimensional), and the subroutine expects the modal data to appear in a
particular order on the data input cards. 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 strut 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 b4 Z
1 -.83 .69 -.33
2 ' .48 .06 .86
3 -.83 -.07 .05
4 ~.47 W17 .38
Strut 3 Attach Point
Mode X Y Z
1 -1.00 .69 -.41
2 .52 .07 .89
3 -1.00 -.08 .05
4 -.55 w17 49
Engine 1 Attach Point Engine 2 Attach Point
Mode X Mode X
1 ~-.64 1 ~.68
2 .29 2 .36
3 -.59 3 -.65
4 -.32 4 ~.37

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

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

r
-.41 .38 -.40 -.25

[sXxMOD] = -.83 48 =83 -.47
-1.0 52 ~1.0 --.55_J

.68 .03 -.08 .16

[syMOD] = .69 06 -.07 .17
.69 .07 -.08 17

-.14 .79 .03 W17

-.41 .89 .05 49

L -

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

dimensioned number-of~engines x number-of-modes:

-.64 .29 ~.59 ~.,32
-.68 .36 -.65 -.,37

[T¥MOD] =
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Thus

columns.

SXMOD =

-.41
-.83
-1.0

.38

48

.32
-.40
-.83
-1.0
-.25
-.47
-.55

SYMOD =

.68
.69
.69
.03
.06
07
-.08
-.07
-.08
.16
W17
17

SZMOD

-.14
~-.33
-.41
.79
.86
.88
.03
.05
.05
A7
.38
49

TXMOD

array into vector fotrm by reading the matrix elements by

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

= ~.64
-.68
.29
.36
~.59
-.65
-.32
-.37

This 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
1
2
3
4

Participation Factors

Mode
i

2
3
4

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

X
.16
.20
.12
.05

X
.30
46
.28
.16

Y
.36
.39
21
.24

-,89
-.96
-.65
-.59

Z
-1.87
2,15
-~1.13
.97

G
0004
.0002

~,0001
.0003

.15
.12
04
.08

single mode; then read the matrix columwise.

35

0045
.0053
.0038
.0036

9
.93
-1.15
.83

-.79

.0009
.0003
.0010
.0007

%

.20
.09
.21
.17
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ARMODE = | .16 .20 .12 .05 PF = | .30 .46 .28 .16
.20 .15 .08 .09 36 .39 .21 24
-.80  -.96 -.65 =-.59 -1.87 2.15 -1.13 .97
.0004 .0002 -,0001 .0003 15 0 .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

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 the
motion of the third strut, the third element in array SKC(K) must be the des-
cribed distance for that strut.

DCMODE(I) 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, ¥, Z components
of the mode shape for a given mode.

The remaining input data indicated in Figure 3-6 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, ¥, 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(IL) 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 1 2 3 4
X=2.71 X .09 .11 -.05 .02
Y = 17.63 Y .02 .01 -.03 .01
Z = 1.52 Z .95 ~-.98 .87 =77
Point 2
Location Mode 1 2 3 4 ;
X=2,71 X .07 .10 -.04 .01
Y = 8.42 Y .01 -.02 -.03 -.02
Z= 1,25 Z W43 -.39 W41 -.29

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

ROIS(J) = 2,71, 17,63, 1.52, 2.7, 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
-.03 —~,03
.01 ~,02
37




.95 43

=98 -39 Z Component
.87 Al
-.77 -.29

e e

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
aireraft. IFLX(I) 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(I). An element in IFLX whose
value is one will cause the data for that respective point to be placed on
tape. For example, 1f response data is formulated at five points on the air-
eraft, 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 Saction 3.3.5. If no
flexible body response data is desired, NPTS, RIS, ¢UTMPD 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 3).

3.3.3 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 3-7.

3.3.4 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

Xp2T

YD2F

YD2T

ZD2F

ZD2T

XDIF

XD1T

YDIF

YDIT

ZD1F

ZD1T

XDOF

YDOF

ZDOF

ALL QUANTITIES ARE IN BODY COORDINATES

DEFINES THE

X

X

Y

COMPONENT

COMPONENT

COMPONENT

COMPONENT

COMPONENT

COMPONENT

COMPONENT

COMPONENT

COMPONENT

COMPONENT

COMPONENT

COMPONENT

COMPONENT

COMPONENT

COMPONENT

POINT NUMBER (1-20)

or

OF

OF

OF

OF

or

oF

OF

oF

oF

or

OF

OF

OF

OF

THE INERTIAL ACCELERATICON DUE TO FLEXIBILITY
THE TOTAL INERTIAL ACCELERATION

THE INERTIAL ACCELERATION DUE TO FLEXIBILITY
THE TOTAL INERTIAL ACCELERATION

THE INERTIAL ACCELERATION DUE TO FLEXIBILITY
THE TOTAL INERTIAL ACCELERATION

THE INERTIAL VELOCITY DUE TO FLEXIBILITY

THE TOTAL INERTIAL VELOCITY

THE INERTIAL VELOCITY DUE TO FLEXIBILITY

THE TOTAL INERTIAL VELOCITY

THE INERTIAL VELOCITY DUE TO FLEXIBILITY
THE TOTAL INERTIAL VELOCITY

DISPLACEMENT DUE TO FLEXIBILITY
DISPLACEMENT DUE TO FLEXIBILITY

DISPLACEMENT DUE TO FLEXIBILITY

FIGURE 3-7 OUTPUT VARIABLES USED IN FLEX1
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into the program. This is done by testing the wvalues of both 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.

3.3.5 Data Plotting Informatioa - Major revisions were made to the sub-

routine that stores data for use by a separate plotting program. As now re-
written, subroutine SDFLGP first 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 meed to store the data in intermediate
arrays.

The indicators descrihed in Reference 3 and earlier in this repert that

control the logic in SDFLGP have not been modified. They are as follows:

IPLT = 1 denotes that datz will be stored on tape for plotting
ISDF = 1 indicates rigid body aata will be saved
ISTPLL = 1
ISTPLZ = 1
denotes that data for landing gears number 1 through 5 will
ISTPL3 = 1
be stored on tape
ISTPL4 = 1
ISTPLS = 1

IFLX(I) =1 indicates that flexible response data for the i th output
peint 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 PLYDAT 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 gravity 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 users 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 abcecissa
(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, TITLEZ2, 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.
DEPYAR 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 pears 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 035D2 while tha strut stroke for gsar three would he (45,
Fignre 3-8 shows a sawple of input date Lor the plotting program. TOLA
subroutine SDFLGP 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 3-8 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 PLTIDAT:
PLOTS PLOT SCALE NUMBER
LABEL SYMBOL AXIS

3.3.6 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 optiom 1f-
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 nﬁmber 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.

Figure 3-9 lists the running time in seconds for five examples used to
test the flexible body option. All runs terminated at the same point in the
landing analysis so that the differemces in cost can be attributed to the
number of variables that required integration. A flexible body run adds two
variables that require integration for each additional mode. An approximation
to determine the time of a flexible body run is given by the expression:

(NO. OF INTEGRATED VARIABLES) 1.4

RIGID | (NO. OF INTEGRATED VARIABLES)

FLEX
RIGID

(TIME)FLEX = (TIME)

Example Number CPU Running Time
(Sec)

1562
2217
2335
2943
2560

[= B LT

FIGURE 3-3 TOLA EXAMPLE RUN TIMES
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fied TOLA computer program.

tion with emphasis on properly interpreting and imncorporating the flexible body

4, EXAMPLES

This section describes the various test cases used to exercise the modi-

data associated with each test case.

A total of six examples are described.

It is intended to illustrate actual program opera-

The first two cases are rigid

body rums that do not include the effects of flexibility, while the remaining

four cases employ the flexible body option.

Associated with each example are

listings of the input data and sample cutput. These data are shown in the

appendix section,

The input datafiles list all data required for each example.

The TOLA computer program does not print the input data in this form since
staging data are not printed until the stage is in operation. The output

samples shown give the response data for several time points as printed by

the program.

All of the test cases are summarized in Figure 4-1.

EXAMPLE
NUMBER DATA OBJECTIVE
i ATRPLANE A COMPARE RESULTS WIFH "AS
RIGID AIRFRAME RECEIVED" TOLA
2 ATIRPLANE B REFERENCE RUN
RIGID ATRFRAME
3 ATIRPLANE B CHECK OPERATION OF FLEXIBLE
SIMULATED "RIGID" BODY OPTION
AIRFRAME
4 ATRPLANE B OBTAIN "TYPICAL' FLEXIBLE
FLEXTBLE AIRFRAME AIRFRAME RESULTS
FOUR MODES
5 AIRPLANE B DETERMINE EFFECT OF HIGHER
FLEXIBLE AIRFRAME ORDER MODES
EIGHT MODES
6 AIRPLANE B EVALUATE EFFECTS OF AERODYNAMICS
FLEXIBLE AIRFRAME ON FLEXIBLE BODY RESPONSE
FOUR HMODES

FIGURE 4-1 EXAMPLE RUN SUMMARY
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4,1 Rigid Body Examples - Two test cases were run without exercising the

flexible body option using different sets of input data. The first set of
data, denoted "Airplane A" in Figure 4-1, was originally supplied with the
program. The purpose of this run was to check whether the capabilities of
the original program had been altered by the addition of the flexible body
option. The output from this run compared exactly with the original program
results. 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.

The second rigid body test case employed a new set of input data supplied
by the NASA Langley Research Center. These data are denoted "Airplane B" in
Figure 4-1. The program was first exercised as a rigid body rum enabling the
output to serve as a reference for comparing the effects of flexibility in
later cases. Input data and sample output for this example are listed in
Appendix E.

4.2 Flexible Body Examples - Four test cases were run to determine the

effect that various parameters have on flexible body response. All flexible
body data required by each run were taken from data supplied by NASA and shown
in Figure 4-2. These data consist of a modal frequency, generalized mass,
and modal deflections for sixteen free-free, normal modes. Several observa-
tions 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 flexible body response in the X and Y directions. In addition,
the mode shapes defined by the modal 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 data are also symmetric.

A brief description is given below for each flexible body example. Time
history plots of several variables are also shown to illustrate the particular
effect emphasized by the test case.

4.2,1 Simulated Rigid Body Run - To obtain results comparable to the

rigid body data of Example 2, the flexible body option was first exercised
with modal data simulating a stiff airframe. This was accomplished by using
the modal deflections and generalized mass assoclated with the first four
modes shown in Figure 4-2 but increasing the modal frequencies by a factor of

20.




AL TN R UG S N O N S

e e TR IS R i - e e+

FIGURE 4-2 AIRPLANEB 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 | 9.728|99.7316|+.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|-9.6028-4|-.0100|+.0350) ~.2167
9 |15.552}40.4199|+.0494(-.0300|-.0036| 7.309E-4{+.0500|+.1025]+.2985
10 [17.638}12.1885|-.0038|+.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 |22.396137.8456|+.0135|-.0500]+.0085| 1.617E~%| .0000|+.0400]-.1269
14 |23,969]39,6848|-.0180]+.0400{-.0009|~1.503E~4|+.0350|+.0250] -.2163
15 {25.637129.5837|-.0072)+.0150]+.0174}-1.4178-4] -.1300| -.0300| +.2243
16 |25.694] 8.2589|-.0023{+.0075|+.0044{-4.213E-5] -.0320|+.0050|+.0670
PILOT STATION X = 42.6667 ENGINES X = =5.4722
NOSE GEAR X = 35.08333 Y = 114.1667
MAIN GEARS X = -2.83867 TAIL X = -32.333
Y = 78,3333
Z = 0.509583

e et e s




Referring to the input data listing in Appendix F, each modal frequency
and generalized mass are placed in arrays GFREQ and GMASS1 respectively. Tre
vertical deflections for each landing gear attach point are in S5ZMOD. Since
there are no other landing gear data, SXMOD and SYMOD are not input. MHodal
data for the aerodynamic reference point are contained in ARMODE. The aero-
dynamic welghting factors, PF, were not input, thus eliminating the effect of
aerodynamic loads on flexible body response. Engine attach point modal data
in the X direction is assumed zero; therefore, TXMOD is not imput. Flexible
body responses are output for four points on the aircraft, the pilot station,
nose gear, right main gear, and tail. Modal data for these points are in
OUTIMOD, and their position vectors are defined in ROIS.

The output data from this run showed good agreement with that of Example
2, indicating that the flexible body option was operating properly. Differ-
ences in rigid body data between these two exomples were not distinguishable
on a graph; therefore, time history plots of these data are not given.

4,2.2 Flexible Body Run ~ Four Modes - The flexible body option was then

run with the data described for Example 3 but using the actual modal frequen-
cies defined in Figure 4-2. Output data from this rumn are shown graphically
in Figures 4-3 through 4-6 and illustrate the effects of flexibility on air-
craft response. These graphs demonstrate that for this example, flexibility
has a more significant effect on landing gear dynamics than on rigid bedy
response. It should be noted that the accuracy of all graphs in this section
is limited by the time increment at which the data is plotted. Input data
and sample output for this example are listed in Appendix G.

4.2.3 Flexible Body Run — Eight Modes - This test case was run to deter-

mine the effect of higher order modes on flexible body response. Airframe
flexibility was represented by the modal data for the first eight modes of
Figure 4-2. The input listing for this example in Appendix H shows the effect
that increasing the number of modes has on the arrays associated with the
flexible body data. Eight generalized masses and frequencies are shown in
GMASS1 and GFREQ, and the size of all arrays containing modal deflections has
been increased.

Figures 4-7 through 4-9 compavre response data obtaimed by using four

modes and then eight modes to represent airframe elasticity.
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RIGID AIRFRAHE
~—— - FLEXIBLE AIRFRAHE

ALTITUDE OF AIRCRAFT CENTER OF MAST (HCG) FEET

0.5 1.0 1.5 2.0  TIME-SECONDS

FIGURE 4-3 ALTITUDE OF AIRCRAFT CENTER OF MASS VS TIME

3 ——— RIGID AIRFRAME
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4.2.4 Flexible Body Rumn - Fou Modes with Aerodynamic Weighting Factors -

Aerodynamic weighting values or parcicipation factors were calculated for each
of the first four modes in Figure 4-2 and included in the program to determine
the effect of aerodynamic lvading on flexible body response. These weighting
values were calculated by the method outlined in Appendix B assuming an ellip-
tical spanwise lift distribution over the aircraft’'s wing. The resulting
participation factors with their proper data format are shown with the rest

of the flexible body data in the input listing for this example in Appendix I.

Figures 4-10 through 4-12 illustrate the effect that aerodynamic leading

has on flexible body respomse for this airplane.
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ENTRY SAC3d

O U OO0 OCOOLLOLOOCOL



\. “\!

T ﬁ}\\} T
Lo \"\A«‘ oy
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ST LALE S TR M wR s e AR T

COQOOAOOO0 GO

d
=

OQOOOOOO0O00 OO0

&0

anoNaO0n OO0

O

.,

SE?GEﬁvnﬂtcﬁﬂLPH'nHS(ALPHESJ+CnlLSG‘ALPUES“ﬂLPUES

QCTERHIND THE CLi AND CD) FOUR ALPHA=AL
ENTRY »47,9
INPUT FrUFM CALLING PROGRAM

ALPDES
dutest

CLRR,CD

N InPur Fuqr pIFCOM

QELUN 02WHF, THDASL, INO8DZ, INDALS, INDAL6, HR,
abAsa, bt s  foadt ThDAB 3, LRDASLy TRbASDC

T IH T2l 1T 77Ry ALPHEL

IFCUIAP LT, 3) JUR . (ABS (HG=HR) JLEa1+E=6))GO TO 3,

1601=3

G 10 b4

CLWR=CN1Z: 7+ CNLALP®ALPDESI CNIASO*ABS (ALPDES) *ALPDES+CNLOLO
Co3ZLQM+C LU S *Auo (LCLON) YCELQN
C+eS*CN_Q® JUELRPDLIRFFAVATTT
GIR=CAUANYLARLPRAUS (ALPDES) +CAALS " *ALPOES® ALPDES

<

EVALUATE NUMINAL DLLIN
ENTRY SAUSLG
INPUT FPRON Cﬂ%Lle PROGRAM - ALPOLS

QUTRJT - CELC
THPWl FPOM LIrGOM

EVALUATE NOMINAL DELRN
ENTRY SAC3i1
INPUI FEQFM NIxkCOM
IAP, DiRFF, LYNPP, AREFF, ANT77F, YGH7Fl, VA77F
peLRL, “DcLtu

IF(UIAR LT, 3} 0R, (ABSIHG=HR) 4LEL L+ E=6} 1G0T TO 64

A-30

UILOLy DILOY, FGuy DLHFF, NZRFF, DYNPP, AREFF, DXCGF, HR
AMT77F, L1dUAcl, INOAL., INDALS, INOA1Gy INUA3R, INDAZ9, INDALG,
INGAB., TduAbLl, iNLAGZy IMGAS3) INOASGy INUAST
[HOABL, INDAF3, WA77F, ALPHRLy; QI77R
I LIIAPLLTL3).0R. (A5 (HG=HR L1 14861160 TO 4,

G0i=

ILoz=z

Go 10 5.

THE (2D = CHL ZCR ALY, S (CNL1ALP+CHLASN*ABS LALPOES) )
GACNILLUZNZLGLeLH LTI * AHS(DELQN) ¥DLAN

e *CLLOY JLL WL F/VATTE

TME () ZEAVAHECAALPH* AIS LALPOCS) ¢ CAALSQ*ALPOES*ALPIES

THPLR) 2 Tre (2S00 LALPILS*DeGRADY 4 THP{3) *SINCALPDLS *DEGRAD)

THP ()= OY 1HPoARL FF* (4 VFR

THP( ) ==T 1P (4) *JXCLEFTHP(E) /DLPFF

TP () =CHIL TCSTAF(G)

TMP(4) ={CMZEFO+ALPDE S* (CHALPH+CMALSQ*ABS (ALPOESH))
CHTMP(5) +AAT 77F4THP (3] +HN
C4,55CHU*AIL SE*JLRFF S THP(5) ZVATTF

THPL ) =THO(5) *CHOLSD )

QELGR=ROUAD (THE (20, THP 1315 THP (4) 4 DELALS DELQU)

=%
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