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Abstract ) ézj

. The dynamic response of (i)‘p simple beam, and (ii)- a

single bay portal frame supporting an unbalanced rotor is

W

‘investigated in detail wusing a computer simulation. The

method of solution for transient response is based on direct

.{step-by-step) integration of the System equations of motion

through ‘application of a finite time element reccurence

scheme. Finite, Timoshenko beam elements are used in
L . | .

modelling both mass and elasticity as distributed parameters

of the-SUpporting structures. "

Two mbdels of the forcing function due to rotor
unbalance are considered, assuming a rigid rotor shaft
supported on: (i) rigid bearings, and (ii) oil—film‘jod}nél
bearings. The fréquency of the forcing function 1is time
dependent to simulate transiehts at start-up or shut-down
operations. The discussed supporting sfruétures dre
low-tuned relative to the rotor operating speed.
Consequently, the time-dependent frequency of the excitation

force passes through at least one critical frequency of the

~J

) A\
foﬁndation system. _ 7

_ The results of the transient analysis are presented in

the graphical form and_aiscussed. The analysis is based on.

: | .
non-dimensional parametric studies of the system. The study

- shows that the maximum amplitude of vibration of low-tuned

supporting structures is highly . dependent on rotor

acceleration rate through the critical (i.e. natural)

vi



frequency of the foundation system. When . compared to the
results of classical stead;—state analysis, the maximum
amplitude obtained through the transient analysis is greater
in magnifude and its position is shifted. These results
indicate, thét in the case of low-tuned s&fuctures,, the
transient analysis 'should be . considered as a standard

>

procedure in.the present-day design practices.

!

Theb study suggests that the numerical procedure, and
the computer program developed for this purpose, are useful
for the trénsient analysis of the models of foundation-
étructure interacting with rotaging machinery. The method of
solution 1is general for any model of forcing function,‘and

.

the computer program can easily be extended to handle more

complex, two or three dimensional structures.

vii
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1. INTRODUCTION

1.1 Background Information

It is well known that the life, efficiency and overali
performance of all kinds .of rotating machinery dgpend
largely on the vibration of the machine and its supporting
structure. ‘An extensive investigation in the field of
machinery vibration has been carried out for many years with
numerous results of exggrimental and analytical works being
published. Remarkable progress has been achieved in this
field, especially during the past twenty-five years with the
development of powerful, fast computers and new nuherital
teéhniquég:T

The demanding design reqqirements placed »On modern
rotating machinery have introduced a trend towards building
units of larger size, higher speea, increased power and
efficiehcy: _As a result the task. of minimizing and
controlling the system vibfation levels has become even more
important. The trend to build larger rotary mach{nes which
rest on ﬁassive reinforced concrete or steel pedestals has
brought changes into traditional . design  of machine
~foundation system and also created many problems in
struciural dynamics. Some of ‘those problems are clésely
associatéd - with the phenomenon of dynamic interaction
»betﬁeen an elastic structure and a deformable machinery.
While extensiye research has been carried out on the rotor

]
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dynamics, relatively 1little work is done on the
machine-foundation interaction. It shquld be mentioned,
however, that this problem has been recently attracting

considerable attention from both the industrial and researéh

communities. The dynamic response of the machine- fgundation\

.

. . . . . . N
interacting system, in general, depends on design criteria \

and characteristics of the specific class of maﬁhinery and

its supporting structure.

‘Figure 1.1'" shows a schematic diagram of a large
turbo-generator set, and Figqg. 1;2, its f;undation block.
(This foundation block was resently built. Its design and
innovative features are outlined by Ellyin [1]2). There are
four distinct elements, nameiy: (a) rotor, (b) bearings,
(c) bearing pedestals, and (d) foundation block. They act as

one \system, together responding to rotor acceleration,

\

critical speed, external excitation forces, et cetera. It is -

obvious that any change 1in the subsystem will affect the

vibration levels of the other parts and, conséquently, the

dynamic response of the system as a whole. Therefore,

a basic model for the dynamic analysis of the macHine-
/

/

foundation interacting system should include all//those

distinct elements.

The rotor, bearings and bearing pedestals are designed-

by a turbine manufacturer. The foundation block is - usually
'First number denotes Chapter. Figures are grouped at the
end of each chapter in the order they are referenced to.
*numbers in square brackets designate Reference at the end
of the thesis ~

\



designed by another organization using data and requirements
provided by a machine manufacturer. The foundatiqn block is
a very important part nf the system. It provides not only
mass, flexibility and dampind but élso the essential
coupling between other parts. There is a trend to build
flexible foundations wnich are "iow—tunedé (or
"under-tuned") relative to the machine speed. In such cases,
thg machine service speed is at least higher thantthe first
natural frequency of‘the supporting structure. Consequently,
as the rotor is brought wup 1in speed - during start-up
operatinn, the frequency of the forcing function® (i.e.,
exciting force) passes through one or more critical (i.e.,
resonant) frequencies of the foundation.system..This can - be
best 1illustrated by a resonance diagram for an idealized “

single-degree of freedom model, as shown in Fig. 1.3.

Due to machine-foundation interaction;‘a(turbonachinery
designer must analyze the ~dynamic performante“qf the
integrated system. The problem is extremely complen, and
¢yen with ﬁnalytical.and‘numerical tools available today, it
constituteé\ a formidable task tequiring a certain degree of

<

model simpliﬁication.

In the present study the problem is approached from the
oy , :
foundation system designer's point of view. Accordingly, the
analysis focuses on. the dynamic résponse of a supporting

’The sources of the exciting force are numerous. Here only
the most common one (that due to rotor unbalance) is

considered o
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.

structure .excited by a force transmitted from the rotating
machinery. Consequgntiy['the difficulty_hbw_lies in defining
a model of the forcing function which approximates the

~exciting force with reasonable accuracy.

. Massive foundation biocks supporting modern turbmachin-
ery are'generally"constructed from simple - beam " and frame
‘elements (Fig. 1.2), constituting the main load transfer
members of the supporting structure. To appreciate the
dynamic'.behévior bf' the whole system, it‘ is of great
impdrtance to‘(fully)'understand‘/{;; dynamic‘.response of
these simple elements. While ‘there is én abundance of
literatufe on steady-state modal analysis of beam and frame
models, in contrast vefy few. w&rks ~are published on

transient analysis of these elements.

- 1.2 Scope of Study

The \dynamic response of a simply supported beam
subjected to a force of’time-dependent frequency has been
invesfig?ted by Suzuki [2-4] and Victor & ‘Ellyin [5]. An
analyticél/ approach to solving ‘model equations of motion
enabled the authors .to carry out thorough parametric studies
and to draw important conclusiohslvHowevef; the proposed
-methods of solution limit. their practical application to
onlyf (a) simple stfucfures, and (b) certain modelé of
Aexéiting force, which could be expressed by relatively

simple analytical functions,
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The - présent study atfempt$ to fill a gap by basing
method of solution on a ‘finite\elemeht technique, thus
- making it suitable for more genera"quels.

\

The main objectives of the present work are formulated as

A\

féllows:

1. To develop a method of solutiob and  a computer
program, based on the principles of finite element
- technique, suitable-for transient vibration analysis

of different supporting structures subjected to any

o

type of forcing function.

2. To verify the method of solution and test the
computer program, by applying it to transient

analysis of ‘a model, already investigated by others.

3.- To perform a transient analysis of a portal frame,
as a model of foundation structure, supporting an

urbalanced rotor mounted on rigid bearings.

4. To . velop a model of a forcing fuhction, assuming

an ur ‘ced rotor mounted on oil-film journal
bear’ng * analyze dynamic hehavior of a simple
beam gub- " to this excitation.
To achiex: ‘e ¢ jectives the study is divided into
four stages sum.ar .3 o oAwe
Phase 1. Firs+-i a Jeneral n-degree of freedom

structure and its sy:czm of .econd order dynamic equations
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of motion is considerea. Next, a fiﬁite element technique

(applied to the time domain5 is used to derive a finite~time

formulation. Then, an initial value-transient problem is

aésumed‘and resulting reccufenee scheme derived (Chapter 2).

Finally,” a computer program is developed which employs the
P

reccurence formulae to advance the solution step-by-step in

‘time (Chapter 4 and Appendix A-3).

Phase 2. A model (Model 1 -"Beam Supporting  an
Unbalanced Rotor Mounted on Rigid Bearings") is defined
(Section.3.2). The forcing”funetion proposed by Victor &
wEllyin'[S] is adopted‘(soﬁthat‘readily available results can
be used) to verify ‘the method of solution and cemputer
program. Results of detailed perametric studies of the model

are presented and discussed (Section 5.1).

.Phase 3. A model (Model 2 -"Single Bay Portal Frame
Supporeing an Unbalaneed Rotor Mounted on Rigid Bearings")
is described (Section 3.3). Two components (in horizontal
and vertical directions) of the exciting force, due to rotor
-.unbalance, are - considered. Results of numerical analysis,

discussion and conclusions are presented (Section 5.2).

Phase 4. A model (Model 3 -"Beam Supporting an-
Unbalanced Rotor Mounted on Oii-Film Bearings™) 1is developed
(Section 3.4). Short bearing approximation, as suggested by
Ocvirk [6], and non-linear performance of journal bearings,
Holmes [7-8], are assumed. Resuits, discussion ‘and

concluding remarks are presented (Section 5.3).

J
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A final chapter (Chapter 6) links the separate findings
L AN .
together  and provides an overall conclusions and

recommendations resulting from the study.

=,
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TRANSMISSION FACTOR

Fig. 1.3 Single-degreé’of freedom rotor-foundation

Rotor (mass Mr) with
unbalanced force
Mr-e-Q?

.Table top + weight
of stationary casing

/

i

rr

T Tl 7T

: § Damping

~_ barts (mass M)

= Support by means
f flexible columns

2.0

———

...................................

P

_

1.0

IS

................................................................

=

..............

..........................

0.0

1.0
- FREQUENCY RA

its resonance diagram .

s

2.0 - 3.0

TIO

model and



él

—

2. FINITE TIME FORMULATION TO INITIAL-VALUE TRANSIENT

PROBLEM

2.1 Preliminaries

The transient response analysis of a structural system

)

generally involves discrete modelling of the structure,

.whereafter the continous phfsical structure is approximated

by a discrete n-degree of'ffeedom model. Regardless of the

spatial discretization scheme employéd, the'resulting set of

system dynamic equations of motion (in matrix form) becomes:
[M]{d}+[C]{¢}+[K]{q}f{F}' , . (2.1)

where': [M]*, [C) and [K] are. the. (nxn) mass, damping  and
stiffness matrices; {F} is the (hx7) external load vector,
and {q}, {g} and {q} ‘are the (nx?) nodal acceleration,

velocity and displacement vectors, respectively.

o ) o

The set of ordinary differential equations (2.1) cén be
integrated forward in time to generaée a transient solution,
There are a great variety of direct time integration
schemes, which fall into one of two major categories (or
their combination), nameiy: explicit procedures;and implicit

procedures. Both methods have substantial advantages for

* L 3

certain classes of problems and disadvantages for others.

Each specific scheme has different Aaccuracy, s;ability
‘A complete list of notation used is given in Appendix A-1,
*In some expressions it is appropriate to simplify matrix
and vector notation. Throughout the text two notations are
used interchangeably, e.g. [M]=M, {q}=q.

10
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characteristics and numey,. (An  excellent

review of the most widely used schemes and their suitability
for various.engineering~problems is given by Donea, et al.

[81).

The time integration scheme developed for the purpose
of the present analysis is based on a finite element (in

: : . : L. . .
time) approximation technique. A. finite time element

i ‘\. .
consists simply of a fixed time,igkerval, At, which can be

-

treated as a standard, one-dimensional finite element with

‘two nodes at t=t, and ft=t, (At=7=t,-t,).

2

The general finite-element discretization process can,
therefore, | be applied to the time domain. First, the
interval At is treated as a finite domain of time, and a
finité,time formulation is derived for' the full original
mat;ix equations‘(2.1). This fo;mulation,rélates the values-
of vectors\{é}, {g} and {qgl at time t, and t;. As the time
q}mension is of an infinite exten/, the solution for the
initial!value—transient,proﬁlem‘is obtained by repeating the
cafgulaéions for subéequent finite domains of time with new
initialwqondigéons.

7
7S



2.2 Derivation of Reccurence Formulae

Consider a two-node element .with . three degrees of

freedom per node:

q: t, T t: 42

This gives six "time-wise" degrees of freedom per element.
The problem now is to find a function q(t) which satisfies

‘ thé ~equations of motion (2.1) and the foilowing boundary 4

‘conditions:

Q(t1)=q1 é(t1)=Q1 é(t1)=é1
(2.2)

q(tz)=q; q(tg)=§z, é(tz)?éi
In order to approximate the function q(t),‘satisfying the
~conditions (2.2), at least a fifth-order polynomial in' time o

\,
.

is required, as follows*‘:

a1+azt+a3t’+a(t3+a5t‘+agt'

g(t) =
‘ . (2.3)
=01 ¢t t* t t¢ t*l{a} o
o rather, remembering that q(.) represents a vector (nx7)

of nodal displacements‘with each component approximated by
the same polynomial, a set of such polynomials is required,
as follows: |

q(t) = [ I tI t2@I t°1 ¢t*I ¢t°I l{a}
' : N (2.4)

e ————

‘The follow1ng formulation was provided to the author by the
thesis supervisor, Dr F. Ellyin.
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where:
I - unit matrix of order (nxn)
[#] - matrix of time terms (6nx6)

{a} - vector of undetermined coefficients (6nx7)

 The first and second derivatives of q(t) are obtained from

eq. (2.4) as: , .
q(t) = [0 I 2tI 3t?1 at°I s5t*1]{a} = (4] {a}
- ‘ : (2.5)
g(t) = [0 0 21 6tI 12t*1 20t°1){a} = [$] {a}

The (6nx1) coefficients {a} can be evaluated in terms of
nodal variables by mafching the displacements, velocities
~and accelerations at the nodal points t,=0 and t,=r, which

léhds.to:»

Jp{q,}- al I 0 0 0. 0 0 -_T{at}—
(4,1} 0 1 0 0 0 0 {a }|
{q,} 0 0 2I 0 0 0 {a,}
{Qn}z = ‘ ’ - . (2.6)
{g2} I r1 721 7’1 i 7Pl {as}| -
{q:} 0 I 2r1 3771 '4731» 57*1 {as}
d:1] 0 -0 21 671 12r%r 20771 {a,}J
(6nx1) . (6nx6n) ~ (6nx1)
or, ) : IR _
{gnl=[T]{a} A (2.7)
Therefore, falo[T] 1{- } , ( )'ﬂu\
at=[T]" n : 2.8)  °
! q . Jiy | Tt



14

where: ) ' .

[ 2791 0 0 0 0 0

0 271 0 0 0 0

9

[T) '=1/27" @ ° . ° ° 0

‘ -207°%1 -12771 -3r%1 207°%1 -8771 T8l -
30751 167°1 3771 -30751 1471 -277
-127%1 -6751 -7%1  127°%1 ;6151 T8l |

Hence, substituting eq. (2.8) into egs. (2.4) and (2.5)

gives an approximation for displacements, velocities and

e

aécelerations in terms of nodal variables {gn}, as follows:

[N]{qg,}

q(t) = [¢]'[T] '{qg.} =
q(t) = [#17[T] "{q.} = [N]{q.} (2.9)
g(t) = [$1[T]""{q.} = [N1{g,}

where: .o

[N]=[&17 [T]" =[N, Ny N5 Ny N N, )

'is the matrix of interpolation or shape “functions, which in
.this casé are fifth-order Hermitian polynomials [10].
"Substituting eq. (2.9) into the equations of motion (2.1)

S

gives -
[MI[N]{q.}+[CTIN]{q.}+[K]IN]{q, }-{F}#0={R}  (2.10)
o N\ ) :

Note that upon substitution of the approximated functions

(2.95, the equatibns of mgtion will generally. not be S

satisfied. In fact, there is some residual {R} left.

t ’ e - o
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Now, the Galerkin (weighted resiﬁuél) metﬁ?d can be
employed gg\find I unknowns of the vector {g,} in such a way
that the residual, {R}, over the enéire domain, 71, is
minimized with respect to the shape functions, N,. This

~

process can be expressed in the form of an integral equation
as .
r

or, v

T . .

| Ny ([M][N]{q.}+[C][N]{q.}+[K]I[N]{g.}-{F})dt=0 (2.11)
Equation (2.11) represents [ simultaneous equations in the i
unknowns. In the case of an initial value problem, q,, q,
and g, are assumed known and. the above eguation serves to
approximately determine qz} q: and 4.. Quite generally,

however, equation (2.11) can be rewriten in the form
1M INT' [M][ﬁ]{qn}%[c}.[r'«]\{qnH[K][N]iqn }-{F})dt=0 (2.12)

Substituting relationships (2.9) ‘and [N1'=[T "] [¢] iAto
(2.12) gives | |
[T"JTgr({[Q][M]I¢1T+[§][C][Q]T+[@][K][¢]T}[T]"{qn}

_[8]{F})dt = 0 : (2.13)
D |

" Carrying aut éimpl?/ integration and matrix multiplication
y ! . . to- ’ - /)_
7
. »' . { ’
: ([Z]M+[Z]C+[Z]K){qn} = fP} (2.14)

leads to

Iy



where:
N
t1
rlt?l
{P} = |t*1|{F}dt =
® |t
t’IJ
or,
P} = [Tt -1 {F)at
( 0 -M 0 0
.
M 0 0 -M
™ +7IM 37 M -r™
(z] =

FTM R TM FuTM =5r7M

#27'M 3TM i M =ESrtM

- -
{P,}
{P.:}
{Ps}
{P.}
{Ps}
{p'}J

FTM 8 7M oM =$r2M

i=1,2,...6

16

(2.15)

(2.16)

(2.717)



i
r -C 0 0 C 0
—=2C pr*C $3vur’C 77C  ~griC
~F72C $5=7’C FHvr*C  $r2C +HiriC
.[Z%=- _
#7°C  f97°'C +3ur®C HriC  JrcC
e #27°C F3sT C FwrC 31C  xiriC
A
+=7°C  3%7°C FHer’C IrSC  {recC
[ 27K +37*K  +4o7’K zrK 72K
+7?K 7K 4o *K 572K 377K
¥=7’K 57 'K s3o7°K H71 K K
“lz) = :

o |T8wT* K 1357 *K +odwn®K +2g7*K +i57°K
+57°K  3o7®K vs4or 'K 4rSK #17°K
v‘}TBK L] T1K 1 TBK 317.6K -17T7K

Introducing

(2] = [z], + [z], + [2]

FHurC
H—;T‘C
%+715C
—~s78C

F7’C

o7 ’K
—+o7 °K
T}rrsR
~ov7 °K
7 'K

vvo7 'K

17

«

(2.18)

(2.19)

into equation (2.14), the general relationship can be

written as

(z]{qg.} = {P}

-

(2.20)
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or,

r : 1T i r
: {g:} {p,}
[z000 & Lz,.] - ||taid| - [{ps)
| : [tad] - [tey}
....... B I IS I (2.21)

: {q:} {Py}
[224], ¢ [2:.) |[fas}|  [{pe}

i ] -{Qz} {Pa}J )

(6n%6n) 6nx1)  (6nx1)

For an initial value problem, only part of the general time

formulation (2.21) is required to determine q;, ¢, and q..

Thus, ' ‘ _ o ~ : .
F{CL}- r{q:}- F{Pt}- .
. : . /
[211 ] {C_I1} + [Z12A] {qz} = {Pz} (F.ZZ)
{q.} ' {Q2}J {Py}| !

P
Applying simple matrix algebra and rearranging terms in\eq.

- (2.22) .1eads to the formulae:

r h r -7 [‘ b

{q:} -1‘ {P;} {q.}

{q.}] = [th] {P}| - [ZH ] {a.1]¢ (2.23)
{§,} ' (P31 : {g,}

In the foregoing it has been assumed that the aomain'of

the approximation cormesponds to interval At. Equation
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(2.23) represents ' a .reccurence relation betweéen two

sucessive values of vectors gq(t+At), g(t+At),gq(t+At) and

q(t), gq(t), d(g). This relation will be used in a computer
pfogrém for a sequence of such domains in a step-by-step

manner to advance a solution in time.

The step—by—step reccurance scheme just derived is
conditionally stable. - This - means that for numerical

stability (convergence of solution), the time step At cannot

exceed some critical value. This critical value, in general,

is "controlled” by the system's highest natural frequency.

(wm) and the requirement for stability is At<a/w,. A value
of constant "a" depends on stability. characteristics of a

specific scheme used. Stability'analysis for several widely

used schemes and resulting analytical expressions for a's

.

. rd .
are given in reference [11). Such analysis for the present -

scheme (due to the high order interpolation ﬁsed) proved to .

be difficult. It should suffice to say that from the

.practical experience of this work ax1.4.

e

In general, the dynamic equatiéns of motion (2.1) can
be non-linear if, for instance, the damping matrix 1is
frequency deé;ndent or, as in the case of large deformation,
the seiffness matrix depends on displacements. However, in
the present anaiysis, only linear systems are considered. It
is, therefore, assumed tﬁat the system [M], [Cc] and - [K]

matrices are not time dependent and consequently neither are

[2,1] and [2,,]. As a result, in comparison with the
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_non—linear System, a small amount of computing time and
simple program organization is required. Matrix [Z,.,] has to
be inverted only once and then, for each fime step, only
integration (to evaluate components P,, eq. 2.16) and simple

matrix multiplication is involved.



3. PHYSICAL MODELS DESCRIPTION

3.1 Preliminaries

In the present analysis the dynamic response of two .
simple models of support structure subjected to the action

of an unbalanced rotor are examined, namely:

1. a beam simply supported at its ends

2. a single Bay portal frame with both legs clamped

Distributed inertial and elastic properties of these
structures are ‘moaelled, using the consistent mass and
stiffn;ss matrices of the finite element approximation [11].
A number of finite beam elements have been proposed in the
literature [12-21]. They are based on either: (i)

Bernoulli-Euler or (ii) Timoshenko beam bending theories.

The classical Bernoulli-Euler theory | of - flexural
vibration of beams considers only the lateral inertial and
elastic forces due to bending deflections. This theory is
satisfactory for dynamic analysis of long, thin beam models
with_a small slenderness ratio, k/L gi.e. vVI/A/L). However,
large rotating machinery support systems are " usually
composed of'short stubby beams. In such cases, the secondary
effects . of the shear deformation and rotary iﬁertia of the
cross-section of the beam camnot be neglected. These
secondary effects. are included in the Timoshenko beam

theory. Therefore, the finite elements based on this 'theory,

21
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known as the Timoshenko beam finite elements, are used in

this study.

Two different models of the Timoshenko beam'finite
element are used in.the present work, namely those: (a)
p}oposed by Davis, et al [13], and (b) by Akella & Craggs
[21]. The nodal variable u (axia; displacements) is added to
the original beam elements to enable axial-flexural coupling
in the framework models (see Fig. 3.1). For easy reference,
mass and stiffness matrices for both these elements are
given in explicit form in Abpendix A-2. The generalized
coordinates at each node of element (a) represent: w-
transverse~displacement, - cross-section rotation, u- axial
displacement; and for element (b): w- transvérse
displacement, ¢- bending slope, Ay- shear slope, hence shear

force, I¢'~ bending momert and u- axial displacement.

. w1
vy
a) Simple 6 = dw/dx + ¢
) o Wy ' | Wz
of 1. g » T
I ) > . P
AV, ' i
b) Complex (TM544) o = dw/dx 4 v
: V = GKAY
M = EI¢"’

Fig. 3.1 Timoshenko beam elements
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The aforementioned element matrices are used in the

structure discretization process as follows:

1. A model of the concerned structure is divided’intq a
number of eléments, for. which each of the element

mass [EM] and stiffness [EK] matrices are evaluated.

2. A standard finite element assemblage process ‘is
employed to form global mass [GM] and stiffness [GK]

matrices.

k]

3. Global matrices are modified to incorporate system
0

constraints and boundary conditions.

Upon completion of this proces, a continous structure is

approximated by using the spatially discrete ntqggree‘ of
o S

freedom model ‘with (nxn) system mass [M] and stiffness [K]

matrices. -

For most practical structures, the exact form of
damping is unknown, and damping properties are frequency
dependent. However, 1in order to take advantage of-

explicit time stepping scheme,-it is necessary to/ évaluate
the damping mat'rix explicitly. One 'procedure for’ﬁéfiningja
}ﬁé:

system damping matrix is to employ a partic r form of
‘ . /

proportional damping,‘given as ﬂ
. ‘\\
[C] = a[M] + Db[K] — - (3.1)

where, @ and b are proportionality constants. Such damping,

known as "Rayleigh damping"” [22], is used in the present
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analysis. _ / : ’

/

As ‘mentioned in the’ In{;;duction, a self-excited
vibrationl‘of rbtatinglmachinery could .be generéted by many
" different sources of excitation (e.g.' rotor’ iﬁbalance,/“V P
internal friction; misalignment, | gyroscgpic moments , K\ﬁ?;—\
hydrodynamic fluid-film forces, et cetera [23]); In the
_present stddy, only the most common sourcé&oﬁ excitation,

i.e., the rotor unbalance, is considered.

A force transmitted from an unbalanced rotor to its

“a

 foundation is an extremely complex function of many .
parameters.  In general, it depends on rotor geometry»ahd

flexibility, and on .mpunting ‘details, . that is

characteristics of bearings, béa;}ng ' seals, bearing :
pedestals; and so on.
s X 4

> .

In  the ~pfesent work the following ‘éi@plifying

.

assumptions (general for all models) are madg: : o -

1. Symmetric rotors are represented by a lumped mass - ..
(2Mr) located centrally between two identica’

-bearings. ' -

2.. Rotor shafts are massless and abso utely rigid.

Ry

3. Bearing pedestals are neéiected. S : -

4. Loads are only in one plane,.
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3.2 Model 1 - Beam Supporting an Unbalanced Rotor Mounted on
Rigid Bearings |

-

3.2.1 Forcing function

~

. ) \ ¢ .
To further simplify the study, rigid bearings are

asSumed for the model shown in Fig. 3.2. b

Fig. 3.2 Beam supporting an unbalanced rotor
: |

s

s

Taking all the assumptions from the previous section

into consideration, ‘the fprcing function for this model can
I T . EI .

' be expressed by the fol >wing equation: o L

B

b4

F,(t)=-Mr-d?[e-sin@{t)+h+y, (t)]/dt? (312)

v

Carrying out the deriviation leads to

¢
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“, ,
Fy(t)= Mr-e(Q?sin@-ficosQ) - Mr-y, (3.3)
or |
Fy(t)=F, (t)-Mr-yn(t) | (3.4)
where:

- a vertical componerit of an inertia force due to

h
<

rotational motion &f an unbalanced rotor
Mr+y, - an inertia force-due to rotor acceleration in

its linear motion

As in referehce [5], it i§'assumed that the té;que- applied
to the . rotor by the power source is.constant auriﬁg the
acceleratioﬁ time (T,). This means that in an. ideal
situation (with no vibration) the rot?r angular acéeleration
would also Ee constant. In reality, howeve;, part of thg
torque i§'ab§orbed py'the vibration. Because of the build up
of‘vibfation, the torque associated with the unbalénce
‘reduces thé rotor angular acceleration. Thus, the angular
acceleration {2, Qelocity Q, and travel &, are assumed to

vary with time according to the formula: -

/

for 0<t=<T, | for t>T,
V9=w;(1—t/$,)2/T, $@=0 ,
~ . : J
Q=w,(2t/T,~t2/T?) ’ =0, v (3.5)
5 .

R=0,T, (3£2/T3-t2/73) /3 f=w, (t-T+/3)

A\
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3.2.2 Finite element model of supporting beam

A typical transversal beam of the reinforced-concrete
foundation block (shown in Fig. 1.2) 1is chosen .for ' the
dynamic analysis. 1Its geometric parameters and material

constants are given below

«~ [P
b 2
B ’ Y
L= 300.0 in ve 0.15 K= 0.85
A=  7150.0 in? p= 146.9 1b/ft?

5500000.0 1b/in?

I= 9266400.0 in* E

b
A%

A

Fig. 3.3 A fypiqal transversal beam of the.foundation block

The high ' order finitgf,element"(TM544) is ‘used t;
approximate jﬁertial and glastié properties of the continous
beam. lThis ;finite element 1is chosen for the.numerical
ahalysis because, in ' comparison with other available

Timoshenko. beam elements, it is more accurate and converges

faster per degree of freedom for beams with k/L>0.05. The

‘beam selected for the analysis Q@ig. 3.3) has a k/L ratio

equal to 0.12. . A
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‘The dccu. oy of a:finite elément appndximation depends
on the ﬁhmber . of eiements used in. the discretization
process. In general, .the greater';thisv numben,. the more
degrees of ﬁreédoml considered ' and Eﬁg better accuracy.

However, at the same time, the slze of the problem and

consequently the cost of numerical analysis is greater.

o

In order to assess a minimal nuﬁber of finite elements et
;equired for beam approximation (sufficient for the purpose
of this project), a’.prelimfnqry study was Tcarried out.
Nétural fréquen;ies and dyngg}g\ response of the beam i
idealized by 2 elements and byM; elements (yhich gives 9 and
19 D.O.F of the . cohstrained systéms re;pectively) were

N
|

calculated and comparjb. No appreciabkle di%ierence in
t

/-

dynamic response but dramatic increase in e cost of

solution was observed in the second case. s can be
. explained by the fact that the response is domihated by the
frequencies of lower modes which arei predicted with
"sufficient agcuracy by the 2-element model. On thejgfher
hénd, the dimensions of the finite element matgi;es, Qhéch
determine the size of the problem, increased from (27x27) in
the first éaée'to (57x57) in thé secend. Moreovér, §ince the
time step required for numgrical stability is.controlledjby.
the highest mode frequency,)?;;n the 4—e1emeﬁt model this
~time step has to be reduced consideragly. Taking the above

into consideration, the 2-element model approximation is

used for further- analysis of the beam.
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'3.3. Model 2 ~ Portal Frame Supporting an Unbalanced Rotor

Mounted on Rigid Bearings

L4

3.3.1 Forcing function -

All .the simplifying .assumptions discussed in the
previous section are also applied to Model 2, of which a

schematic diagram is shown in Fig. 3.4.

én,

)I \ ~ ., l ///

Fig. 3.4 Frame supporting an unbalanced rotor

In this_model, two components of the forcing function,
are considered, in ‘horizontal and vertical directions.

"Applying the same reasoning as in Model 1 leads to the
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expressions

Fx(t)¥ Mr-e(Q2cosQ+§lsinQ) - Mr-x,,
, ‘ ' (3.6)
Fy(t)= Mr-e(Q%sinQ-Qcos) - Mr-y,

where £, © and § are assumed to vary with time according to

egs.. (3.5). : -

3.3.2 Finite element model of supporting frame

A typical frame of the turbo-generator foundation block
(shown in Fig. 1.2) is chosen for numerical analysis as a
supporting structufe in_Model 2. Geometric parameters of the
frame columns are given in Fig. 3.5. Material constants and

beam geometry are identical to those in Model 1 (Fig. 3.3).

()

Chlcceorcrcesred

Column geometric parameters:

L= 600.0 in A= 3980.0 in? I= 895500.0 in*

Fig 3.5 A typical frame of the foundation block
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A preliminary study done on this model showed no
advantage in ‘using complex Timoshenko beam eleﬁents for
idealizing the frame. In fact, the use of simple elements
manifests faster convergence per degree of freedom. This is
so because the columns of the frame selected for numerical
anélysis are fairly slender (k/L=0.025), while the high
order elements prove to be shperior for shorter stubby beams
in- whic£ shear and. rotary inertia are particularly
important. The simplest Timoshenko beam element (with
centroidal displacement and cross-section rotation as nodal
variables) is the most suitable for the analysis of complex
structure and the moét commonly used in general purpose
computer packages [20-21]. As a result of 'the preliminary
study, the 6-element model approximation was choseﬁ for the
dynamic analysis of the frame, giving 15 D.O.F. for the

constrained structure. , ' o

In the present finite element model of the frame, there
is geometric misrepresentation. of the structure at the
corners where two beams are joined at right angles (see Fig.
3.5). However, this misrepresentation can be avoided in
general analyses of frameworks by developing beam finite

elements with special ends [13].
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3.4 Model 3 - Beam Supporting an Unbalanced Rotor Mounted on

0il-Film Journal Bearings

3.4.1 Introduction -

o

Hydrodynamic bearings play a very important part in
rotating machinery vibration ‘problems. Their three major
functions are: (a) to support léads (static and dynamic),
(b) to control rotor position, and (c) to provide stiffness
and damping. Bearing film damping -.has & dominant efféct on
rotor vibration. The importance of corréc; selection, of the
bearing and lubricant paramefers, dependihg.on design load

and speed, cannot be exaggerated.

The d§namics of rotor-bearing systems has become of
great ihportance due to the technological advancement in
moaérn ;otéting equipment, and has been studied extensively
[6-8],[24-34]. The field 1is very broad and complex.
Researchers usuallf devise simplified models and. focus their
studies on particular problem such as, system instability,‘
response. to  shock or unbalance excitaéion, effect of rotor
énd support flexibility and/or damping on,system'?esponse,
et cetera. The vast majority of papers  reviewed by the
author, 1in relation to this project, consider the system
behavior about its equilibrium position, that is assuming
constant ‘rotor speed. In fact, the complete transient

analysis of rotor-bearing system during the whole period of

start-up until the steady state operation does not Seem to
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have been reported in the literature.

;

In the following section, a simplified analysis is
preseﬁted, which leads to determination of the dynamic
0il-film forces induced .in ‘the journal bearing by an
unbalanced accélerating rotor. The resultant of these forces
(in vertical direction) is then considered in the originél
problem as a component of forcing function exciting rotor

supporting beam.

The analysis 1is based -on the following simplifying

assumptions:

1. An ideal, symmetric rotor »alldws to consider the

motion of one journal only.

2. The Reynolds' equation (lubrication equation) for an

incompressible lubricant is applicable.

3. Viscosity is constant throughout the oil-film, and

does not change with time.

4. Oil-film pressure at .the ends of the bearing is

atmospheric.

5. Flow of lubricant in the bearing axial direction can

be neglected.

6.;fOnly pdsitive pressure contributes_to the bearing.

fdynamic film forces.
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3.4.2 Dynamic analysis of journal bearing

Consider a journal-bearing system shown schematically

in Fig. 3.6

C - radial clearance L.
¢ = Gz/C - journal centre eccentricity
1

. h=¢ + ecosf) - oil film thickness

Fig. 3.6 Journal-bearing system

Consider first the case when shaft angular velocity w
1s constant. The.journal is in motion due to the action of
four external forces, namely: static load (weight) W,
centrifugal force due to rotor unbalance P,, and

_hydrodynamic oil-film forces P and P¢. .In analyzing the

motion of the journal, it 1is convenient to employ polar

coordinates rather than—Cartesian., (The polar coordinates
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used are, the eccentficity ratio e and the attitude angle

¥). Assuming that the hydrodynamic force PY acts in the

positive e-direction (i.e. opposite to that shown in Fig.
. 13

3.6), the equations of the journal centre motion may be

written

P{+Wcosy+P,cos (wt—y)=MrC(é-2e)
(3.7)
Pi-Wsiny+P,sin(wt-y)=MrC(ey+2¢y)

The set of equations (3.7) can be easily solved using one of

many available numerical schemes. The only problem is, that

it requires evaluation of the dynamic film forces (PY, P§)
at each time  step. Thesen forces are deter . by
integrating oil-film pressure distribution arou... the

journal circumference. The bressure distribution, in turn,
is obtained by integrating Reynolds' lubrication equation
which, 1in general, has to be done numerically. Considering
the fact that the time %ﬁep required for solution of egs.
(3.7) has to be smari enough t- give 100 increments per
cycle of shaft motion [32]), the calculetion of bearing
forces for relatively long transient period can prove to be

¥

very expensive in terms of computer time.

The Reynolds' equation for a plain cylindrical bearing,
whose Journal centre position is time dependent is usualyf‘

wr1tten in the form [35]

(T/R)a[(h /R)3p/2861/36+3(h3dp/3z) /3z=6u(w- 2&)6h/89+12uCecos€
(3.8) -
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Holmes [7], reports that his experimental works support the «
use of short bearing approximation (due to Ocvirk [6]) in

describing the dynamic behavior of modern,thrbine bearings.

Ocvirk showed that for short bearihg (L/D<1) 3p/236<<dp/dz,

which allows to neglect the first term lin equation (3.8).

</

Thus
3(h%*3p/09z)/3z=6u(w-2y)dh/36+12uCecosh (3.9)

This greately ‘simplifies the problem, since the reduced
Reynolds' equation (3.9) can be integrated analytically.
Integrating twice with respect to z and applying boundary

conditions: p=0' at z=0 and at z=L yields

¢
p=3uz(z-L)[2ecosf-(w-2y)esinf][C2(1+ecosh)3]1-"' (3.10)

The oil-film forces, P§{ and P3, can now be obtained by

integration as follows:

_ ]
s L8
P{ = R[ J 'pcos6dédz
& 5 :
L e, (3.11)
P = R[ l,, Psinédédz

Integration of eq. (3.11) is straight” forward provided that
the limits of integration 6, and 6, are known. In his
cearlier work, Holmes [7], suggests that these limits lie at
the points wefe the pressure, p, becomes zero (see Fig. 3.6)

and can be determined from eq. (3.10) as:

tan~ '"[2e/{e(c 2'V}]

(3.12)

6.‘;:9‘*-1{

-

'zero pressure corresponds to atmospheric pressure
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. According to his later paper [8], much better agreement with

the experimental results is achieved by putting

9, =0 and 6, =1 (3.13)

Carrying out integration of egs. (3.11), with the limits of

integration given by (3.13) yields

£y

p1=—(uL3R/2c2)tn(1+2$2)é+2kw—2w)e2(1—62)'/2](1;e2)-5/2
, ‘ - (3.14)
ps .

(WL R/2C%) [eé+me (w-20) (1-?) 1/2/2] (1-¢2) -2

Under étatic conditions (i.e. in an ideal case of perfectly
balanced rotor) the journal centre take§ an equilibrium
position (eo,¥o), w%ich depends oﬁ bearing géometry (L,R and
C), lubricant viscosity (u), static load (W) and angular

shaft velocity (w). This position is given by the well known

relationships [35]:

LY

Sm=(1-€3)?[eo{16€d3+m2(1-€2)}1/ 2] (3.15)

Vo=tan '[n(1-€3) '/ 2/8¢e,] ' . (3.16)

where S,, known as modified Sommerfeld Number[ is defined
{
as:

Sm=uL  Rw/4C2W (317
Relationship (3.17) can be rewritten
(ML3R/2C?)=2S,W/w ' (3.18)

¥t is apparent, when comparing eqs.v(3.18) and,(3.14), 'that

for the givqp load W, and angular velocity w; dynamic

“~ v
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bearing forces, P{ and P¢ are functions of: €o,€,€,¥ and V.

Now, for the given system parameters, if initial values

for ¢, ¢, y and Y are known or assumed, the dynamic bearing

forces can be calculated using egs. (3.14) afterwhich the

equations of motion (3.7) can be solved. Repeating the
calculations in a time stepping'manner, the solution for the
shaft centre motion and dynamic o0il-film forces is advanced

in  time. By non-dimensionalizing egs. (3.7) it can be shown

'I7] that, for constant ahgular velocity w, the shaft center

motion. is governed by three independent non-dimensional

parameters, namely: eo, e, C and g/Cw?.

Considering the case when angular shaft velocity is °
time dependent, the equations of motion for the jburnai
centre may be written

'P?+Wcosw+Mr-echos(Q—w)+Mrrerin(Q-¢)=MrC(E-¢2€)‘
' : ' (3.19)
PS-Wsin¢+Mr-estin(Q-w)-Mr-chos(Q-w)=MrC(e¢+2é¢) T

These  equations differ from egs. (3.7) only by one
additional term,- that is an inertia force  due to shaft -

circumferential acceleration.

The Reynolds' equation of lubrication (3.8) is .de;ived
from the general Navier-Stokes equationg [35] by considering
several Simplifying assumptions. One of the"assumptions
underlying this' derivation 1is that inertig, fbrces of
lubricant are negligible. These inertia forces consist of

fluid gravity, ntrifuga} forces acting in curved films and

S
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‘acceleration of the fluid. This means that- the lubrication
equatibn ignores thé inertia' term due to ‘unsteady Ivelocity
of the journal surface. During‘start-up operétion, there'is~
| always tangential acceieration of shaft, The effect of this
acceleratién‘ tends to reduée the magnitude of oil-film
pfessure which,_.consequently, reduces instaﬁtaneous load
carrying ~capacity of ijournal bearing. This effect can be
‘accounted for by incluaing' some of the terms originally
~dropped from the Navier-Stokés equations. This, howéver,
would cénsiderably increase difficulty of the _problem and
éonsiderably augment the cost of the numerical solufiqn.
Therefore, in the present analysis oil-film forces are

calculated assuming that the Reynolds' lubrication equation

/
\ o/

N

, holds for transient journal anghlar velocity. ~

E,

3.4.3 For .ng function

Equations (3.19)‘ are solved ‘uéing the- foﬁrth-order
Runge-Kutta step procedure [37]. The dynamic film forces, P?
and P3, and their resultant in the vertical direction, are
calculated at each time step. A force, Fy, equal in-
magnitude and opposite in sign to this resultant is taken as
the force (due to rotor imbalance) transmitted to foundation
through the bearing. As with Model 1 (see Fig. 3.2 and eq.

3.4), the forcing function for this model can be written

F,(t) = Fg =~ Mr+yn, , (3.20)

n
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In order to-avoid metal to metal friction at early

stage of start-up operation, a rotor is lifted up by

pressurized oil supbi?ed inté'journaiibearing. This pressure
is ‘dropped when rofor angular velocity is high -enough td
secure sufficient load cértying  capacity' of bearing oil
film. In view of the above, transient'analysié of this model

always starts with a rotor having some initial speed, w;.

Thus, applying  the reasoning discussed in connection with
Model 1 (Section 3.2.1), rotor angular aqcéleratidn,
velocity and acceleration are assumed to vary with time

according to the formula:

for 0<ts<T, for t>T,
0= (w, -, ) (1-t/T,)2/T,  9=0
0=(w,-w, ) (2t /T, ~£2/T?) +w, Q=0, C (3.21)

1

Q=(w,~w )T; (3t7/T3-t3/T3) /3+w,t  Q=a,t-(w,~w,)T/3
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4. COMPUTER PROGRAM DESCRIPTION

In order to implement the reccurence formulae (2.23) in
a computer program, compoﬁents of genéraliiéd‘ load vector
(PL,'Pz,T»énd P,) have to be evaluated at each time step,

according to eq. (2.16).

Consider first Model 1 with the forc1ng function given

by eg. (3.4). The following integration f/—requ1red

: T _ T .. '
PT=f F,(t)dt - Mr] y.(t)dt ‘ C

PT=/ TtF (t)at - Mr{ftyg(t)dt » (4.1)

Py= ZFY(t)dt - Mr{:tzﬁﬁ(t)dt

The first .integfal in each of the above equations can be
easily evaluated since F,(t) ié a known function of time, as
described in eés. (3.3) and (3.5). The computer program ’
empioys a 4?§oint*Gaussian quédfature_ integration schemef
;esglts are stored in vector Q. In the process of deriving

the finite time formulation (Chapter 2), shape functions N

~and their derivatives are determined, and vector g(t) is

approximated by q(t)=[N]l{g.,} in eq. (2.9). The functio-
Y¥m(t), as a component of vector gq(t), is assumed to véry in
the time interval, 7, according to the same approximation. -

Simple integration yields

7=Q7-Mr (q7-q7)
?:Q?-Mr(rd?'Q?+QT) u‘ o (4.2)
'&;.

?=QT'Mf(v%73Qz+rvT qm+?T qT+ir? q7- TQ?+TQ1)

41
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The superscript "m" in egs. (4.1) and (4.2) 1indicates that
the above quantities represent only one component
(correspondi;g,to nodal variable yn,) in each of the global
(nx1) vect@rs.' Substituting eqg. (4.2) into the reccurence

{
scheme (2.323 leads to the formulae:

- - - - -
{q:) [t (a1}
. - _ . \
{q:} [ Z,2 :lm {Q.} [ Z4, ]m {q,} | (4.3)
. {Qz}j {QS}J {dl}J ,

which is actually employed in the computer pfogram_ to

advance transient solution in time. The subscript "m"

indicates that the matrices Z,, and Z,, are "modified", by
adding and subtracting from their appropriate components the

téyms given by eq. (4.2).

- The procedure just described 1is also used in the
analysis'of Model 2. In this case, however, two components
(Fx, F,)?of the forcing function given by eq. (3.6) have to
be considered. Accordingly, two sets of equations® must be
integra;ed to evéluafe components of generalized load vector
P As a result, vector Q has additional components and

-:r:ces Z, and 2,, are modified by additional terms.

In ralysis of Model 3, matrices Z,, and 2Z,, are
modified in ;xactiy the same way as in Model 1. However, the

éompénents . of vector Q are obtained differently, since the
——— e — e > - — —————————— .

> That is, egs. (4.1) for the x-components and-similar ones
for y-components ' L

#

oy
T
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term Fy in the forcing function (eq. 3.20) is not given by

an analytical expression. The proceaure used in this case

can be shmmarized as.follows;

1. The time 1interval =7+ 1is divided into "§" sub-
intervals 7.

2. At each sub-interval #, the .dynamic force F} is
determined . (according to the procedure outlined in
Chapter 3).

3. At the same time, two additional functions are
generated, namely: 7F{ and 72?Fj.

4, 'Then, the "j“ discrete values of these three
functions (i.e., F,, tFy and t?F,) are integrated
numerically over the interval 7 to give components

- of vector Q. (The cubic spline method of numerical

integration [38], is used in this process).

4.1 Main Features of the Computer Program "~

The basic features of the computer program are as

-

follows:

5. The'program is written in FORTRAN language (double L.

precision is used).

6. It ié general for any beam or plane frame models
with hofizontal ana veftical beam members (can be
easily extended for any structure),

7. The program is.gene;al for any boundary-conditions

and constraints in the system.



8. Two different models of the Timoshenko beam finite
element are used.

9. The program can be used to determine system natural
frequencies and eigenvectors.

0. A& statfcltest can be Rgrformed, by computing static
deflectiahs (using global stiffness matrix) and
comparing results with known exact solutions.

11. The transient wvibration problem of the models is
solved using time stepping scheme based on finite
time formulation. |

12:VThe prograﬁ’uses the following IMSL subroutines:

a. EIGZS to determine eigepvalues/vectors
b. LEQT2F as equation solver for static test..
c. LINV2F to invert matrix (2,21,

13. The program employs 4-point Gaussian quadréture (for
Model 1 & 2) and cubic spline (Model 3) as integrat-
ing procedures to evaluate components of generalized
load vector.

14. The Runge-Kutta (4th order) methoé is usei to solve
journal centre equations of motion ‘M~d 1 3). .

rd

44
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4.2 The Computer Program Organization

The simplified schematic' diagram of the computer

program structure is shown in Fig. 4.1 and Fig. 4.2.

Ma

READ IN PARAMETERS

(NBE;NCE;IE;IR;NL)

A 4

CALCULATE MATRICES

AND VECTORS DIMENSIONS

' ' v
if NCE=0Q » o if NCE>0

[CALL FRAME ]

Y

STOP

& ' END | \

NOTE! 1) Subroutines BEAM and FRAME are actually the main prbg ams.
The split MAIN-BEAM-FRAME is used to enable changing the
dimensions of all globél matrices and vectors, depending on

- type and number of finite lements used.

2) NCE - a numbe - of elements in column. All oﬁher variables'

* names are explained by comments cards in the program,.

3) The main segments and several subroutines of the computer

program are listed in Appendix A-3.

Fig. 4.1 Schematic diagrém of the computer program (MAIN)



BEAM
—— READ IN PARAMETERS
(NTS;DT;ALF; BET; GAM;DEL)

!

if IE=6 — A T if 1E=10
READ IN [NG] ARRAY READ IN [NG] ARRAY
L T

]

READ IN GLOBAL PARAMETERS
(PRO; EMO; RHO; SHF;ECC; ETA)

Y

READ IN BEAM PARAMETERS
{ BML ; ARE ; SMA)

< .
if YE=6 l — ! — if IE=10
ICALCULATE [EM]: [EK] CALCULATE [EM]; [EK]
[ 7

! _ |
ASSEMBLE [EM];[EK]INTO [GM];[GK]
1

MODIFY [GM]
]

if NTS=0
1
CREATE [GC] MATRIX DETER. NAT. FREQ. & EIGENVEC.|

i o f

CALCULATE F.T.E. SUBMATICES

r

PERFORM STATIC TEST

! i

MODIFY F.T.E. SUBMATRICES _ RETURN

1

DETERMINE VECTOR {g} at t=0

t

INVERT F.T.E. SUBMATRIX (Z,;].
- .
' |

INTEGRATE LOAD VECTOR

REPEAT
a ! NTS
- TIMES
EMPLOY RECCURENCE SCHEME

1

Fig. 4.2 Schematic diagram of the computer program
(subroutine BEAM)

w



5. SIMULATION RESULTS AND DISCUSSION

In order to make the discussion of the results
(presented herein in graphical form) general, ali the
parameters and variables appearing “on plots are
dimenéionless. Two . parameters are especiaily impbrtant in

the following discussion, namely: a and B, defined as:

0:=w;/wo B=T,/7o

For the sake of simplicity, the dynamic esponse of each

model is examined by analyzing displacemdnts only at the

Structure driving point (i.e. at the midspan the beam).

5.1 Parametric Stﬁdies - Model 1

5.1.1 Preliminaries

The dynamic analysis of a structural system is usually
preceded by determination of its .natural‘ frequencies. For
Model 1, these frequencies depehd on: (1) the supporting
beam (i.e. its material,‘geomeéry and boundary conditions)
and (2) the mass of the rotor. It is therefore of interest
’to know the effect of tﬁe rotor - mass-on the system natural
frequencies. The natural frequencies of Mddel 1 are cbmputea
for different rotor to beam mass ratib with all other
parameters of the system.fixed. The first three frequencies
are plotted in Figq. 5.1.'As expected, an increase of the‘

mass ratio decreases the natural frequencies, except for

47 ' : .
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" those of anti-symmetric modes, which are not affected.
(Take, for instance, the second mode one indicated by "2" on
the 'plot).  Therefore, a fi%ed "'mass ratio n=Mr/Mb=0.1,
representative of large tufbomachine support system, 1is

chosen for further analysis.

Fig., 5.2 sﬁows build-up of the system vibration as a
response to the exciting force genérated by an acceleratihg
unbalanced rotor starting from rest. -Exactly the same
response is plotted'again, in Fig. 5.3, togefher with the -
“positive" envelope of maximum displaéements. For clarity,
only displacement envelopes are plotted on all further
graphs. It should be noted that an envelope represents a
series of points obtained from the numerical . calculations.
‘The shape of the curve, therefore, is not important since it
depends on the approximation method chosen for connecting

the associated data points.

Fig. 5.4 shows the 2lationship between displacement
envelope and time for three different lengths of the
sﬁpporting beam with, all other system parameters fixed. The
plot is intended to. show. that the dynamic magnification
factor. (DLF) depends on the slenderness of the beam. In
further analysis, only the beam shown in Fig; 3.3 (with

slenderness factor k=0.12) is considered.
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5.1.2 Dynamic analysis

Response of an ideal system without damping is examined
firstf An'ﬁnteresting case 1s shown in Fig. 5.5, which‘ will
be ;discﬁssed in ‘detail. This graph shows displacement
envélopes versus time fér three _different values of the
parameter [ (i.e., for three different rotor acceleration

times). The rotor operating speed is set to be greater than

the first natural frequency of the system (a=1.2). #

Consider the céSe when,ﬁ=45.0..Starting from zéro, the
displacement envelope increéses slowly, but with a steadily
iﬁcreasing rate of change,’following the increase of the
rotor ‘instantaneous speed, Q. This gaté of change’reaches a
maximum when the rotor speed approaches the fist critical
frequency of the system: (Q=wo), indicated by "e" on the
curve. Passing this point, thé displacement envelope
increases furtﬁérh until it reaches 1its maximum at
non-dimensional time t/7,=29.2. (At this moment, the rotor
instantaneous’ speéd is still'less than thé operating speed
w,, to be reaéhed at time 45.0). After reaching its max imum
'value, the displacement envelope oscillates around a certain
level with all the consecutive maxima slightly less than the
first one. The pattern of this oscillation and. its
fjgrequency,uwhich depend on the rotor speed, stabilize after
Kthe rotor aﬁtains a constant operating angular velocity. For

the fixed parameter a, as it.is in the case being discussed,

shortening the rotor acceleration time (B=25.0, 10.0)
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increases its acceleration rate. 1In comparing’ all three
curves of this plot, it is evident that the maximum response
amplitude and the level of the envelope oscillation are

highly dependent upon the rotor acceleration rate. They

become smaller when the acceleration rate ‘increases, as does

the différence between the maximum amplitude and the
consecutive maxima of the envelope oscillation. If is also
observea tﬁat the maximum amplitude does not occur at the
critical frequency, and that a shift in its position from
.that point also depends on‘the rotor accgleration‘rate. When
the acceleration rate 1is high enough (as it happens to be
for =10.0 on the graéﬁ), the maximum amplitude occurs some
time after the rotor speed stabilizes at its operating

‘level.

Fig. 5.6 shows the results of the analysié carried out
for varying the parameter a (a=0.5,0.8,1.2,1.5) and constant
B (B=30.0). It 1is <clear from this graph that the dynamic
response and the maximum amélitude of vibration are
dependent on the level of the:rotor operating speed, and
whether it is below or above the critical freguency. of the
system.: For example, cgnsider the cases for a=0.5 and 0.8.
Both the ievel énd‘the amplitude  of the envelope oscillation
increasé when the .rotor speed approaches the natural
frequency of the system. The level of thfs oscillation could
also be prédicted ‘through consideration of a steady-state
resbogse énalysis. It should be noted that varying the

parameter a, when 8 is constant, changes not only the level

-
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of rotor operating angular 'velécity but also rate of its
acceleration. It 1is, therefore, logical to compare the
results for the cases a=1.2 and 1.5 of Fig. 5.6 to the

previously discussed in detail results of Fig. 5.5. The
%

results  ;of . %5.6 confirm once again thag/%he maximum

-

amplitud
.Q"‘”
decrease;

L]

thef;sho, £ 1 hefampljgyde of the envelope oscillation
g~ . o <& _

“~“becomes smélleét"for greater parameter a, i.e. when "the

spread” between the rotor operating speed and the system

critical frequency increases.

The analysis: has proved so far that there is a
pronounced effect of the rotor acceleration rate on ‘the
dygamic response of the system.’ To détermine this effgct
more precisely, new dimensionless vériables.arevintroduced
intb the analysis, namely: the rotor acceleration rate
’Jth:ough “the critical frequency E;‘Jand the shift of the

‘maximum amplitude of vibration 0, defined as:
E=Co/wo? 0=Qm/wo

where: ¢, is the rotor acceleration rate at the moment the
rotor instantaneous speed passes through the first natural

frequency of the system (n=ao), and @, 1is the rotor

1

instantaneous speed at the moment the response amplitude

reaches its maximum.

A
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: : .
The effect of the rotor acceleration rate through the

critical frequency on the maximum amplitude of vibration is
shown in Fié; 5.;. The effect of this acceleration on the
shift of maximum amplitude from the critical frequency, is
preseﬁted in Fig. 5.8. The first. relationshiﬁ (Fig. 5.73
demonstrates -clearly that, f@r a fixed .legel - of rdtor
operating speed (i.e. for constant parameter a), the greater
the acreleration rate through ’the criﬁical frequency the
smaller the maximum amplitude of the system response. It
also shows thét,‘ for the same values of this acceleration
rate, the maximum amplitude is reduced by‘ increasing the
deviation. of the rotor operating speed from the critical
frequehcy, i.e. for greater paramefer a. Fig. 5.8 shows that
the shift in location of ‘the maximum amplitude.from the
Critical'freqpency increases for higher acceleration rates
and/qr for higher levels of the rotor operatinngpeed. For
ﬁhe case when a=1.1, with the acceleration ‘rate exceeding
some critical value (£>z5.0-10'3); the condition is met when
- the maximum amplitude occurs some time after the rotor speed
has stabilized at its operéting level. This is marked on the
plot by a dottédvliné. (An example of response envelope, for

‘such case, is shown-in Fig. 5.5, curve for =10.0).

The relationships presented in Figs. 5.7 and 5.8
include the effett of the rate of change of/;ccelération
when the rotor inspanténeous speed pésses through the

- critical _frequency.: To eliminate this effect, ‘the analysis

is repeated once again, assuming this time that the forcing

~

.
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functron is generated by an unbalanced rotor acceleratlng at
a constant rate (§= constant) The results, for a fixed level
of the rotor operatlng speed (a=1,. 2) are shown in Fig., 5.9.
It 1is evident that an increase in thetacceleratlon rate
reduces the maximum amplitude" of response and shifts it from
the critical frequency. It is observed that, for very‘small
values of the acceleration, - the shift of the maximum
amplitude (0=Qn/wo) is slightly less than 1.0, which implies

that the maximum amplitude occurs - just *before the

instantaneous ‘rotor speed reaches its critical frequency.

The effect of damping, always present in,sstructural.
systems, is now examined. Fig {.10 shows the relationship
between the displacement envelope and time, for _a=0.é, 1.1
and . 1.2, $=30.0 and $=0.02,'where § is a damping factdr‘in‘
the first mode of the system natural vibration. The effect
of damping‘on system dynamic response can be clearly seen by
compar1ng curves (with equal values of parameter a) showh in
Fig. 5.10 and Fig. 5.6. Consider first the case a=0.8 (that
is, when the rotor operatlng speed is less ‘than the first
critical frequency) The response envelopes for the system
blwith and without damping increase almost identically until
they .reachjftheir maximum values. Then, for both cases, the
envelope stag%f to oscillate about the same "level which
could be obtained from steadyrstate analysis. The effect of
-damping is to diminish the amplitude of this xoscillation
until it dies out completely For the case with rotor

operatlng speed greater than criticegl frequency, the  effect
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of damping is much more‘pgeﬁbunced. Comparing the results

shown in Fig. 5.10 andfFig 5.6 once again (this time for

a=1.2), it is noted fhét the maximum amplitude of vibration

is reduced by 29% (from 15.5 to 11.0), and the level of ke

£3

envelope transient osciflation_by 84% (from 12.5 to 2.0).
qu the same amount of damping in the system, the maximum
amplitude and level of envelope transient oscillation
depends on the rotor operatiné . speed. Thise is clearly

ili%étfeted by curves (for a=1.1 and T,2)‘in”Fig..5.10.

<

5%&96 5.11 ‘demonstrates tﬁe relatlonshlp between the
maX1mﬁm,amp11tude of vibration and the damping factgr, for
“various levels of the rotor -operating speed. The max imum
»ampii#ude of damped ‘vibration“ is nen—dfhenSionalized by

div&ding by the maximum ehplitude of vibration of the

undamped system subjected to the same excitation. It “is

4

observed that the maximum amplitude of vibration decreases
with an increase in the amount of ‘damping in the system. The
effect of damplng on reduc1ng the response max imum amplltude

becomes greater if the rotor: operatlng speed is "closer" to

the system natural frequency, that.>1%< for values of

PO

parameter a closer to 1.0.

5.1.3 Concluding remarks

The results obtained in this.section gie - identical to

-those of Victor & Ellyin [5], and thus‘%q@firm the ability

of the model to pfedict known re%plts aéc%rately. Several

g
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.. ~-dependent 39 the same parameters.
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conclusions can be drawn from 'the results of numerical

analysis of Model 1. These inclﬁde:

1. Thé maxihﬁm amplitudév of vibfatipn ibf low—tumfd
foundation structfires subporting rotating machinery
.6ccu:s . during. the ~ transients at start-up or
”shut—downﬂbperationsl‘ '

2. The response maximum amplitude is dependent on: (1
the rqtof acceleration rate through the crit}tal

frequency of the system and .2) the deviation .of

_the  rotor  ‘operating speed from the critical

frequency. ' R *é*v i
a. ;The“gfeater'this acceleration, the smaller the . .
max imum amplitude.. - vﬁ*j_;f

b. The greater the deviation of the rotor operating'
. i . -. ’ '. . " xr‘,. 4 -
speed, the smaller the “maximum amplitude. -

T

Y

‘3. There is a shift in position of the- ‘maximum

amplitude with: respect to the criticgi'freqdency,

~

UL

SO

L7a.m The grgater the rotor acceleration rate _through

~ the criticalfffequency, thefaf%ater tpe shift.

.

Jf~'b,‘vThe gréater the deviaéf%ﬁf of the -rotor spééda

3.

from the critical frequency,- the-,éfeater ‘the

shift.

[y

L 4
: B

4. The  effect of &tructural damping ‘QSf"to subdue

. :A R "l( . . . ) -
transient vibration to . the level of steady-state

R
£7
Q ' ‘ w
PIREN -
i
A -
1 <
, 7 PR
« < ' B
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T e e -~ - g H— -y a
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response, which depends on the rotor operating

. speed. The maximum amplitude of vibration decreases

, s
with an 1ncrease of the damplng in the system. The

effect of damplng on this reduction becomes greater

if the ﬁeVL&tlon ‘of . the rotor %peratlng speed from

Qoo ‘

;ithe%crltiCal frequency 1s smaller.'

Q . N
, ' ‘ X
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5.2 Parametric Studies - Model 2

5.2.1 Preliminaries‘

-

As in'the‘caSe of Model '1, ‘the, dynamic analysis of this

model is also preceded' by the determination of sjstem‘

A\

natural frequenc1es. For a simply supported beam, once. its

materlal and- boundary conditions are deflned, the natural

-frequencies spectrum depends on one non-dimensional

parameter «. Howeveri there is no such simple relationship
for a framework. For a s1ngle bay portal frame (that is, for
the 51mplest case of a framework), with clamped columns,'the

natural frequencies spectrum is a function ’of “a group of
S - ’ - Lo . o .

several non-dimensional parameters [39];f Therefore,

parametric studies of ' Model 2 'cannot be generallzed a§;

‘easily as they ‘can be for 51mple b--ns. To 51mpl1fy the

digcussion, a new non- dlmen51onal para@eter (" frame

pagameterf, 7)), defined as = x,/xg-VI A;712A1'L2/L,, is

.a. <

broaght into the analysis. . . _v~"

One of the main dlstlnctlons between the v1brat10n of a.

~ beam and a framework is tpat ‘in the latter ,case,\;”he-

\

, . . - 1
longitudinal motion is coupled ‘with * flexural motion.
Fig. 5.12 shows the distribution of the'loyest four " natural

frequencies of the éihgle' bay portal .frame (shown in

Fig. 3.5), as a function of the frame parameter +y. The :

natural frequencies are obtained 'by considering the!

axial-flexurail coupling in the model.  The ,frequencfeS{uof

4

g

r
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AR Y]
]

'ﬁsymmetrlc and asymmetrlc modes of vibration are 1nd1cated on

“6r

- e
'the graph by "S" and "A“ respectlvely In order to 51mpL;fy 52

dynamlc analy51s of a. framework -1t is a common practfé@ to
neglect the 'ax1al” deformation. of 1ts members .and- to- take
only flexural motlon 1nto con51derat1on.:¥h1s 'approx1mat10n
isf applied -to the- frame model; The, resultlng natural
frequengles of the system a-e plotted in Fig ‘5.13 For easy
compar1son of resultsM the lowest three natural frequenc1es
of Flgs. 5.12 and 513 are plotted tooether in Flg 5.14.‘It
'is "noted that as- the frame pe ne ‘f«lncreases, éhe

* ’ . 2 T -‘ "- (l o L7
'infiuenceuof aXLal .deformatlon‘ dec 2s,, with flexuralf

hthree‘modesfof-'

deflectlons eventually domlnatlng the flrﬁ

k\ u

wylbratlon. Howevera‘a more detalled analy51s,

"'dicat‘és that “

>

p

the hlgher ‘modes remaln_ affected by axial v1brat10n As

: G o : :
well;fthis~app§oy7‘%x1on is rot jUstlfled at all for .small - _

v ‘ e e ' o - Y
-ya&tmx\ " the frame’£arameter (clearly seen in Fzg 5.14).° L
5 L : o

In v1eﬂ of the .above, tw ax1al flexu al vcoupllng in the

frame model 1s con51dered in the present analy51s.

. . ?--f . ' e . I
. M . . N

s Fig. 5.15 Shows thefeffect of - the rotor to support

.frame‘ mass ' ratlo (n=Mr/Mf) fonr_the determlnatlon of the

"lowest two natural frequenc1es fof:‘the system, for; two

vdeferentt lengths of frame columns. Thls flgure 1s,1ntended.

o .

to- exempliﬁy the qeductlon- of natural frequenciesv for
increa51ng ratIo 7, 'ahd‘~‘o‘ demonstrate that this effect ‘
depends on the frame geometry and mode of v1brat1on.,‘The,Q ljf'

lowest four natural frequencaes of the s;s‘em chosen for the

D H’
dynam1c! aﬂalys1s (7 4 8) are plotted agalnst ,the dmass ‘

o
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i bl R a‘f,@ ] T ’
A ratuo, n, 1n~Flg. 5.16. Once again a pronounced effect of

1

IS

-
k)

-

N : o . . : b o
N o v1brat10n wh1ch' is beyond the scope . of thlS pro;ect

o
Fu@%%}rn analy51s was carrled out for the flxed value of the1

qh,

mass ratio, n 0. 05, @.representatlve *‘of" turbomach1nery~

: “;r;-‘l
foundat1on systems. :

R . ’ o o
e . o b s
o E ) . REN

LI

= ‘S.ZiZVDynamlc ana1y§}5‘f Ty

o

oo . . o ' g

Sl

- : 7

umF1g '5.17.‘ D1splacement 15 in .hor1zontal and vertlcal
. .v:: J:

he graph by '"x"‘“ ~and’ "Y"

hd -

T m' d1rectlons ’are~ marked on\
3 - "A& ” - . ?

’ & “‘ respect1vé&y The d1splaeements in both these dlreft;ons are

G -

_,@@«" .non- d1men51onallzed by d1v1d1ng thelr absg}d%e w&lues by the

same quantlty y,. Where Y ¢s the maximum static deflect1on

\“-—QO

at the: mldspan of the beam ‘due to a vertlcql load equal to

e .

-‘set to be beyond the fourth, natural frequency ofrthe system

14

b
natural frequency for thlS spec1f1c mod@l (y= 4 8) is. of the

. - 3
symmetrlc mode . of v1bratlon. The frame chosen- for the

dynamlc analy51s has a short stubby beam ‘anc relatlvely long“.

o

o - and;‘ slender columﬁs. As a result of this geometrlc

. conf1guratlon anc ,ge’»ggeciﬁic frequency of the forcing

C, . . . »

.functlon,'kthe respohse of the System (at the dr1v1ng p01nt)

-« e - ' ,

: ‘_:, - . o '.“ (ﬁ.'ﬁ | R _ ‘ /. .

T

thlS ‘gass rat‘o on the System natural frequenc1es can be -
§¥dkpth analy51s of th1s effect would A requ1re

examination: of the_ system mode shapes of ™

'The dlsplacements at’ Ehe locatlon ofag ﬁ’dr1v1ng force'

. Mr-e- w, applled at this p01nt The rotor operatlng speed is -

Qc“‘ (1 e. at the mldspan ofﬁthe beam) versus @fme are- plotted 1nf'

i.e a= W, Jwg=1, 2 AS 1llustrated 1n%Flg 5 12 the fourth s

&



.
a2

) angg-"S"' stand

4

4?‘v1brat10n | ﬂéspeatl

g . . -

/. - ) . R R,

{ - hd e
. il

is_ddminatedx(in the y-direction) by flexural vibration. The

motion of this point in the x-direction is more complex, due

to superposition of the columns'.flexuraiﬁﬁnd the beam's "

ax1al v1brat10n 'which results in "beat" . frequencies. The
Bt b e § * . . ‘ ' : B
‘max imum dlsplacemvnt énvelopes, for the same response, are

shown 1n Fig 5 18 The 1nstant when ‘the instantaneous rotor

- ;
speed passes consecutn%&scr151pal frequenc1es of the system

Ve B S L .
1s 1nd1ca¢ed on the T

p01nts, desérlbed by "1A"-J"ZS" ’"3A", and ?QS"* ﬁhere‘"A"f‘

\"

L

ly. K=t is >observe@; that at® the
o 2 IR §

beglnnlng q; .the tran51ent perlod thp enevelope of maxlmum"

TJ?1W¢% dlsplacéhewﬁs 1n ,the vertlcal d;rect1on rlses¢Nerx slo%ly

7o

“

<

FOf t/To<=2 0y the response is domlnated by v1brath§§1n thef
- Y

X= dlrectlon. When the i fﬂLﬁtaneous rotor speed passes the

'thlﬁo’natura&.frequency,‘tie v1brat10n “in the y- d1rect10n

. y-direction, for’ th;s partlcular model.

ﬂ

maximnm' amplltude of v1brat10n and “level of . envelope

3 . . a

L ] . R
osc1llat1on in the ye;t1cal dlrection becomeqseveral times-

Y

greate: than in hdrizdntal dlrectlon. Therefbre it™ is

logical _to focus attent1on on the response envelope.in the
: -~

o

N - ST . _ _
Flg '5.19 shbws‘the displacement enyelopes versus time

for a flxed level of rotor‘topetatingA speed (a=1.1) and
various rotor acceleration times T;, (8=3.0,4.0,5.0). The

results, obtained for a"fixed rotor acceleration time

L]

.zB;S.O) and ditferent' levels . of rotor operating speed

&

1?%#"0" ‘There are faur’ such

asxmmetrlc and symeQrkcf modes ‘of

-bu1ld - up ,more 'rapldly Eventually, both the{




I o _ ‘ 72

Ve
i

(a=1. ,1.2,1.3), in Fig. 5.20. Careful-

ex~ nation of in thé?% tWo flgures

i - -ates that the patterns of the envelope oscillation are

o -"«enthal to’ those presehted’ln Flgs 55 and 5.6 (for Model

Color

- o o 1)3f Ev1dently, the maximum amplitude of. v1brat1on ‘and its
G ) sh1ft from the critical frequency are both. dependent on the

level "'of:i rotor operatlng speed, a, ahd the rotor

. acceleration time,'ﬁ. It is observed that this dependency;'yt
) i L
w has' exactly the same character as the’ one already dlscussed »

w0 .

Hy - i F<
. . : e * w’ .
o - in detall in’ Sectlon ¢S. 1.2 lu{fgﬁobv1ous that: the’ ifsult1ng

general relatlonshlps between"the ‘max1mum amplltude; fo Y
B S o v

oW & e
v1brat10n land its Shlft) and- the rotor acceleratlon rate

v

) thr0ugh t;he Crltlcal frequency of the system are, for thlS e

’ ﬁ¢7j7model, similar to those shown 1n Frgs. 5 7 5. 8 and 5.9

4

‘(that is, for Model 1), Therefore, because they are lcostly"

(i.e., many ryns of a c8mputer program are required‘;to

\~\;;generate data poiats), these general relationships are not
Y - Te . ¥ . - B
* . plotted for Model 2,. o .
PO o ‘ 4

. A : v, %' The effect of damping on the system response is shown
' ’ -~ » 1 - T . -

.,®in Fiqg. 5.21, The level of rotor operatlng speed and - its
acceleration time\“are fixed (a 1“ ,  B= 5 0), with the

‘s

drsplacement envelopes obta1ned for ideal (S 0 0) and damped%

(§=0.1). systems. The effect of damplng is clearly seen and
since it is identical to Model 1, .no detalled dlscu551on is

o . . . A

presented
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b3

An interesting; case is shown in Fig. 5.22. Here, the
| : | S »
rotor operating speed is set to pass the third natural

frequency of the . system, which for "this model 1is of

asymmetric mode of vibration (see Fig‘ 5.12). As ”aA result,

the dynamlc response of this specific model is domlnated by

4@bratlon in the horizontal ("X ) direction.

v

-
By s
s

s | - 5,2.3 Concluding'rémarks

v

The following conclu51ons may be drawn from the results

B} . - ) f‘n‘
of the numerlcal analysxs of Model 2:
» 4 . .
S - L #; T o Ca i
1» Thé proposed method for transient analy51s provqﬁ‘

. N L .
-~ be equally suitable for frameworks ‘as it i

51mpleibeam.

28
? e

2. The dynamic behaylior of~a’framework, as a model of:+ -
D ' s
foundation structure 7 is far more complex than' the

2

response OOf a simple beam. L )
. » ) . “

3. Results o§ dyﬁ§mic'analysis of frameworks, even for
o ,

-~

g | 51m§1ar types of structures, cannot ", be generalized. -~
since _tHe dynémlc response may dlffer qualltatlvely,

dependlng on éﬁe specific model geometry. y

. 5 .

N o T c S K
,( o' ‘}’ cL ot Lo ..i._y, TR »-‘o‘.; o~y
- SE

‘4. For a- spec1f1c framework ‘as- a model of a low-tuned
structure supportlng ~rotating machinery, all the
Eonciusions (i.e. regarding the‘maximum\amplitude'of
vibration and the shift in.its position, as well as

the effect of damping on the system_reSponse). drawn °,

(=

TG
TORFTL



from the analysis of

o

A

also valid.

3

h)
w
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Model

iﬁ (Section 5.1.3)
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single bay portal frame
qv= 015 x= 085 k= 012

/p (dim.)
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&~ Fig: 5712 Effect of frame parameter on natural
. ' frequencies of a portal frame; axial:
° : o deformation in beams considered.
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§51n01e bay portal .frame

'LOWEST FOUR NATURAL FRE

Fig. 5,13

00 05 10 15 20 25 30 ° a3 £0. 45 50
FRAME PARAMETER (VIA_TA)L/L, (dim.)

, _ . s o 3
.Effect of frame parameter ' on natural
frequencies of a portal frame: axial
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LOWEST THREE NATURAL FREQUENCIES oL /VE/p (dim.)

"|single bay portal frame
V= 015 ¥= 085 m=0.2

m;m4m"p"+"4“..mqn.“.pm4m"p"¢"4"m;mqm"w_+"4.n

axial—flexural coupling

5.0*" """ R flexural (ax1a1 def negleCtEd)

00 05 [o 20 25 35 40 . 45 .50
FRAME PARAMETER (\/ I b ./;I Ab)L / L (dlm)

im

& .

Fig. 5.14 ”Comparison of lowest three natural fre-
guencies of a portal frame. »
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5.3 Parametric Studies ~ Model 3

5.3.1 Preliminaries

~

At any given constant angular speed . of an  ideal
(perfectly balanced) rotor, the journal centre 1is in a

stationary equilibrium and the total oil-film pressure force
: ~

. equals the static 1load~ on the bearing. Hoﬁever, when the

rotor has an unbalance, the centre of the -rotating journal

4

is in motion describing a closed orbft about this

‘(:/eéuilibrium position. Due to - this. motion, add :ional

Fid

pressures are set ‘up in the lubricant film actlng on the
journal as dynaplc forces over and above the static force.
These dynamic ' forces, as mentioned in Section 3.4.2; are a
complicated functioq df €o, ,e; ~é, v and v, where
€o=f(un,L,R,C,W w) .is described by egs. (3. 15) and (3. 17)

This means that for specific rotor—%earlng conflguratlon and-
speed, the dynamic forces depend on both amplitude and

velocity of the journal centre motion, i.e. on the journal

centre orbit.

- Fig. 5.23 shows whirl loci of the journal centre for
€0=0.4 and g/wa=0.25,'.being typical for a rotor-bearing.
system of a relatively small high-speed turbogenerator‘°

The orbits are obtained by integrating equat\pns of motlon'

N L \ » 3
(3.7) for two different values of the rdtor urtbalance
'°Specific bearing system parameters used in the numerical
calculations are taken from commercially operating turbo-
generator (Wabamun Power Plant, Alberta, Canada), with the
service speed 3600 RPM. . :
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parameter, (e/C=0.1 and 0.2). The pronounced effect”of rotor-*

unbalance on the journal centre motion and, consequently, on

Y

0il-film dynamic forces is obvious from thié figure.vln the
dynamic analysis of previous models (that 'is with . rigid
bearings), the magnitude .of the rotor unbalance was

unimportant, since it had no effect on the- displacement
envelopes''. The results shown in Fig. 5.23. indicate,

>

however, that this magnitude will blay a very important role

.

. » - |
in the analysis of the present model.
' 7

Under- dynamic éonditions the bearing o0il fjilm behaves

{

as a spring-damping system. By employing a conventional

‘linear analysis'? of the journal bearing, it can be shown

that the oil-film "stiffness" and “damping" properties

. depend on the bearing geometry, the lubricant viscosity; the

static load on the bearing and, most importantly, on the
rotor speed. As a result of these  dynamic pfoperties, the
& .

0il-film plays a dominant role in attenuating or amplifying

the excitation force due to the  rotor unbalance. These

- effects are very complex in nature, -involving a great number

of independent parameters, and their detailed discussion is

beyond ‘the scope of this project'?®.

''Note that the displacement envelopes are normalized with
respegt to static deflections due to centrifugal force
Mr-.-ew;. : .
'’Linear analysis of the journal-bearing system is very well,
documented. See, for example, [24-28].

'’An interested reader is referred to specialized papers
concerned with stability of the rotor-bearing system. For
example [33-34]. '
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5.3.2 Dynamic analysis

Fig. 5.24 shomsdthe relationship between displacement
envélope and time for- the model with: (1) journal bearing,‘
and (2) rigiﬂ bearing. Except for parameters associated with
the.beariqg, all other system parameters are identical for
‘both_. ases. The curves illustrate the results' of the
analysis carried out for the specific, rotor-bearing system
.with the operating speed of 3600 RPM. The first natural
frequency of the supporting beam selected for this analysis
giQes a=w,/wo=1.2. The rotor acceleration time is set sol‘
that the rotor 'service speed is reached = at the
non—dlmensional time equal to 20.0, (6=20.0). Due to the

reasons explained in Section 3.4.3, transient ahalysis of

these models starts with a rotor having an initial speed. W

(set to be 1000 RPM in thls ‘case). Therefore, trans1ent‘“

analysis has to be preceded by initial ca!culatlons (t1me

1]

t=0) to establish the journal centre p051t1on and veloclty

for model _(1), and dynamic forces transmitted to the

supporting beam for both models. Applying these initidl -~

forces to the beam being at time “t= 0 in’ statlc ‘equilibrium,
results in shock excitation Wthh causes some 1rregular1t1es
in . the system dynamic rgsponse during a short initial
period«\Therefore, displacement envelopes shown in Fig; 5.24

.

do not start at t=0.

Comparison of the curves \indicates that the dynamic
-response of the system® has practlcally the same general

' character for both models considered. However magnltudes of

]
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the maximum amplitude of vibration and levels of envelope

oscillation differ considerably. It should be pointed out

that the absolute value of the rotor unbalance is identical

in both models, and consequently, the response is normalized

‘with respect to the same value. Hence, it is concluded that

the force due to the rotor unbalance is magnified by the

bearing oil film. It is also noted that the magnitude of the

"envelqpe oscillation after the rotor speed has stabilized at

~ the operatiné level is almost the same for both cases. .This

suggests that the steady-state bearing transmissibility is
close to 1.0 and, consequently, that the force magnification

occurs during the transient period.

Fig. 5.25 shows transient orbits of the journal centre,

for thks | specific case, foliowing the rotor coming up from

the initial to the operating speed. High rotor acceleration

rate at the beginning of the motion causes rapid increase in
the rotor Speed and, accordingly, fast growth of the " orbit .

amplitude. With. the steéaily decreasing acceleration rate

\

_these changes become smaller for each consecutive cycle of

3

journal motion and, eventually,’' the journal centre describes
the steady-state orbit. From thish§llustrati?? the effect of
changing rotor speed on journal centre motion is apparent.

From the remarks made earlier it follows that the dynamic

bearing . force .and 0il-film flexibility and damping have to

change accordingly. |
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N . ; . A
For the particular case studied the changé"of 4bearin§
. dynamié forces with time is demohstrated in Fig. 5.26. Both
‘.forcés (i.e. journal bearing and rigid bearing forces) are
normalized with respect tq_wthe same vélue of maximum
centrifugal.fbfce aue to the rotor unbalahcé\(Mr-éwf)." Both
nonlinearity of the oil—film' force, and the chénge of

transmissibility with time is noted. To better visualize the

N
4A

dynamic transmissibility of the oii-film, a force
magnification factor is defined as a peék—to—peak mggnitude
‘ratio of journal beériné force to rigid bearing force. This:
_magnification factor versus time is plotted in fig. 5.27.
The relaﬁionship manifests full agrgément with the
conclusions drawn from the analysis of thg system .response

)

, bresented in Fig. 5.24.

The effect of.damping on the response is demonstrated
in Fig. 5.28. The displacement envelopes for the model with
(,Lbe'journal bearing and with the rigid bea%ing are plotted
x\both\ for 1ideal 'and damped systems. It'is noted that the
\¥é§els of the damped transient ehvelope oscillation for.both
tﬁese models lie close to each otﬁer. This can be expected,

since the steady-state oil-film force magnification factor

is less than 1.1, as shown in Fig. 5.27.

To appreciate the effect of the rotor unbalance on the
system response, the analysis was repeated for the rotor
unbalance parameter e/C=0.1 with all other system parameters

unchanged. The transient motion of the journal centre is
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. . ! ’
shown in Fig. 5.29. Comparing the results presented in Figs.

5.29 and 5.25, it becomes obvious that transient orbits of
© the journal centre are highly dependent on the magnitude of
the rotor unbalance. The smaller this unbalance, the smaller
the amplitude of ‘the_ journal orbit .and, obviously, the
.smaller gbe magnitude of. the dynamic bearing forces,

A
However, no conclusions regarding the! dependency of the

bearing transmissibilify on rhe rotor unbalance can be drawn
from this figure. To do this, thebinstantaneous peak-to-peak
force magnification'factor is calculated. The results are
shown in Fig. 5.30. It is clear that for the given
-rotor—bearing | system parameters, the - oil-film
transm1551b111ty depends on not only the rotor 1nstantaneous
speed but also on the rotor unbalance. Moreover, there seems
to be rno unique relationship between the transmissibility
and the magnitude of rhe oil-film dynamic force. Finally,
- the s;stem response envelope versus time, foree/C=0.1 and
0.2, are-olotted in Fig. 5.31. It is observed -that the
maximum amplitude of wvibration and the level of envelope
oscillarion are both highér for the smaller rotor unbalance.
This does n&t come as a surprise, remembering that the
response is normalized'* with reSpeot. to two different
values, and since the transmissibility is higher for e/C=0.1
as illustrated in Fig. 5.30. It should be stressed however
thatuthe.absolute system vibration lenels decrease with a
reduction in the rotor unbalance. o . .

'‘The curves represent the dynamic load factor as shown in
Fig. 5 2. _
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Fig. 5.32 shows the results of the analysis carried oﬁt

for varying the rotor acceleration time parameter By, (ﬁ 20 OJ

30.0, 40.0) and all other system parameters fixed The

dependent on the rotor acceleration. time thatn.¢5i also on
the rotor acceleration rate.throdgh the?critieal frequency.
It is noted that the character of this relationship is
identical ‘to that previously discussed in connectionrwith
the analysis of Model 1 and 2. (See Figs. 5.5 and 5.19);
This impliesdthat the conclusions of Section 5.1.3 regarding
the dependency of the system response on the rotor
acceleration rate through the critical freqpency and on the
rotor operating speed are, in general, irrespective' of the

type'of bearing in the system.

The analysis carried out so far dealt with the
bearing-rotor system parameters .typical for a small
turbogenerator. Larger units operate generally at lower
speeds and with higher statﬂp loads on bearings. Both’these
parameters, as discussed in Section 3.1.2, have an essential"
effect on the dynamic performance of the journal bearing. It
is therefore of interest to investigate the dynamic response
of the 'system with considerably different ‘parameters,
Consequently; further discussion is'cpncerned with some of
‘tne results obtained for €0,=0.7 and g/Cw?=1.0, being typical'

of ‘a medium sized turbogenerator rotor [7]. The rotor

operating speed for this model is 1800 RPM
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Fig. 5.33 shows a fémilf of steady-state journal centre
orbits obtained for different values of f?tor unbalance. It
is ndted; comparing the curves shown in Figs. 5,33 and‘5.23
(for thé corresponding values of rotor ’unbalance),‘ that
nonflinear éffects are more pronounced for .greater egf
’TrShgient orbits of the jpurnal centre for the rotor
accelerating ‘from the initial speed of 500 RPM and wigh the

rotor unbalance parameter e/C=0.4 is presehted in Fig. 5.34.
The effect of.changing ;otOrrspeed on the orbit amplitude is
well illustrated. The change in positidn of the
"instantaneous" steady-state journal centre can be easily

<

traced as it "moves" upwards following an increase in the
. , ‘

rotor speed and, consequently, in the bearing load carrying

capacity. \ﬁ\\

~

THe dynamic response of the system to unbalance
excitation, for the models with journal bearings and with
rigid bearings, 1is shown in Figq. 5.35, The rotor speed
parameter and acceleration time parameter are a=1.2 and
’%=20;0, respectively. While the. general character of the
system response remains the saﬁe for‘ both modeis, the
maximum amplitude of vibfation, the level of envelope
oscillation, and the amplitude of -this oscillation are
greatly increaqed for the modeél with journai bearings; This
implies that the journal bearing transmissibility, for &Bis*
specific case} is much higher £hanr1.0. More importantly,
the increased magnitude of the énvelope oscillation infers

that the trahsmiésibility remains high even after the rotor"



speed has stabilized at its operating level.

Fig.' 5.36 illustrates the relationship between
.displacement envelope and t1me for the same rotor- bearlng
systen?and a dlfferent supporting beam (a 0 8) Thé resufts'
presented are obtained for the rotor unbalance parameter
e/c 0.1 and 0.4 and for the models with journal bearlngs and
with rigid bearlngs. The 'qurves 1nd;cate that the system
resbonse is'typical for 'high—tuned supporting structures'
subjected .to unbalanced excitation,vas‘discussed in detail
in Section15.1.2. They alsoVimblyvthat'the transmissibility

is higher for the smaller rotor unbalance.

Fig. 5.37 shows the peak-to-peak force magnification
yifactor plotted against time, for e/e—O 1 and 0.4.- These
relatlonshlps fully confirm the predlctlons deduced from the

analy51s of the results presented in Flgs. 5. 35 and 5 36
: . -~

5.3.3 Concluding remarks ' ‘ B

The - following major conclusions are drawn frdﬁﬁthe.
*

K

results.of the numerical analysis of Model 3: o

1. The proposed method of solution for the 'transiént

response analysis of structures supporting rotating

machinery is readily‘adaptable for complex models of

-the forcing function.

2. The dynamic response of the system is highly

L ' ™. -
dependent on the rotor-bearing system paraméters.

‘



3.

‘

A generalization of ‘overall trends in the system

response as a result of_ the system parameters

alteration, as, 'for ‘example, lubricant viscosity;

static load, radial clearance et cetera, is

extremely difficult due to a iarge’ number of

4

independent'parameters involved.

DYnamic pfoperties of journal bearing depend on ' the
region of bearing operation on design maps (eo,
g/Cw?) and they change during transient period with

rotor speed.

The magnitude of the - rotor unbalance has a

significant effect on the system response. This

. effect 1is dependent on a specific rotor-bearing

system and varies with the instantaneous rotor

'Speed.

For an& given system parameters, the dynamic -

response is dependent omr the level of the rotor

4 .

operating- speed and 1its accelerafion rate through -

the - systein: critieBl frequency. The conclusions
-~ o

regarding this dependency,’as well as the effect of

damping on the - system response, drawnp from the

analysis of Model 1 (See Section 5.1.3) are general

regardless of a type of bearing in the sySﬁem.

-
-

95
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Fig. 5.34 Transient whirl orbit of journal centre
due to unsteady rotor angular velocity.
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6. CONCLUSIONS AND RECOMMENDATIONS

‘A numerical investigation was carried oﬁt mainly to
verify the proposed methbd of solution and to establish its
usefulness for the: épecific type\ of problem. Both ‘the
results and _the simplicitj in obtaining them .demonstrate
that the method 'of solution based on finite time formulation
is very convenient for the transient anélysis of machine-
fo;ndation interacting”systems. The study shows that the.
method 1is suitable for ahy sysfem'regardiess of structure

and/or forcing function complexity.

~

General conclusions, drawn from the numerical analysis
éf each of the models considered, regarding dynamic~ behavior
of the system are given in the sections immediately ggllow—.
ing the discussioﬁ of the results. Perhaps the most import-
ant cenclusion being that the maximum amplitude of v}bration
of low tuned structures supporting ;o;ating machinery occurs
during the transient period of the roter coming, up to spe:
and that it is highly dependent on the rotor acceleration

4

rate through the «critical frequency of the system. This" -

maximum amplitude cannot be predicted by the classical

steady-state analysis. Therefore, the: transient response

-

analysis, as the most inclusive approach to the system dyna-
mic analysis, . should be empioyéd in the present-day design

practices of low-tuned foundations.

K
-

Models * chosen for . this study were simple ones, They

" proved to be adecuate for a cualitative analveie r~aAnmoernad
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mainly ”with the determination of general relationsﬁips and
trends in the dynamic behavior of the system. It should be
stressed thatt;ore accurate models would not alte;.the gene-
ral conclusions drawn from this study. However, for a quan-
titative analysis of the system response, the use of muéh
more eLaboratg models would be fequirea.“‘That means real-
istic mbdelling of three dimensional foundations, multiple
bearings flexiblé rotor systems, bearing pedestals, seals,
et éetera. .While such a compréhensive approach ts the
problem is very desiraﬁie and possible with the analytical
and technological tools available Eoday, it is‘not always
practical. The analysis would be extremely difficult due té

the further increase.in the number of independent parameters

~involved and because of a drastic increase in the size of

the problem followed immediately by many numerical

difficulties. Moreover, in many instances the cost of

transient analysis, involving the repetition of tedious

calculations for a gfeat number of time steps may .simply

prohibit the wuse of rigorous analysis of the system. As a

result there will always be a need for intermediate models

and methods allowing for a simplified analysis of the

system.

it"'ié' suggested that the method of solution presented
in this study\~consti£utes a very encouraging basis for
further éevelopment. It would be %%teresting, for example,
to determine effects of changing bearing geometry and

lubrication system parameters on the system transient
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response. The method can also be used to obtain informatiqn
on system stability, response to impact loading, and so  on.

Before such efforts are undertaken, thorough studies are

required to determine the numerical accuracy and stability

N

of the method.

i

LA =
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APPENDIX A-1: Nomenclature

/

denotes column vector (nx1)

denotes square matrix (nxn)

denotes franspose of square matrix (nxn)
denotes‘feciprocal of squaré matrix (nxn)
cross-sectional area

constants |

subscripts, refer to beam

dampingvmatrix

radial clea.ence in journal-bearing system
subscripts, refer to column

modulus of elasticity

roéor mass eccentricity

eccentricity of journal centre
subscript,,refers to frame

externalJload vector

shear modulus

gravitational constant

oii—film thkckness, h=C(1+ecosf)

identity matrix

second moment of cross-sectional agea

"counter (i=1,2,3,...)

stifness matrix
shear coefficient _

cross-sectional radius of gyration, k=/TI/A

length (beam/column/bearing)

117



PY,P$
a,9,9
'Sm‘

At
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mass matrix
rotor mass

shape (interpblation) functions

0il-film pressure

generalized forces

centrifugal force due to rotor imbalance
0il-film dynamic forces ‘ '

nodal displ;cemeﬁt, velocity and acceleration
modified Sommerfeld Number )

time -

time interval (time step)

" rotor acceleration time

nodal displacement (axial) in beam element.

shear force

nodal displacement (transversal) in beam element

rotor weight

displaéement (horizontal) at beém-midspan o A
displacement (vertical) at beam midspan

matrix of finite time formulation

rotor speed parameter (frequency ratio), a=w,/w,
rotor acceleration time .parameter, f=T,/7,

frame geometry parameter, y=yI,Az/1:A; L;/L,

journal eccentricity ratio, e=e;/C
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€0 eccentricity of static journal centre

§ aamping-factor

n“ rotor to support mass ratio

8 cross—secfional rotation (in Thimoshenko'beam)
6  circumferential coordinate (in joufnél—beqring)-
9,,0, limits of oil-film positive pressﬁre

K beam slenderness factor, k=k/L

" viscosity

v Poisson's ratio

£ rotor écqeleration (through the critical frequency)

parameter, £={,/wo?

T constant, 7=3.1415927...

P .density o o ‘ . .
o :'shift of maximum ampiitude of vibration, 0=Q,/wo
T ; time:interval~(timé”step)

F time sub-interval

To system first natural period )

¢ " bending slope ' | : “}”

X | shear coefficient (on grabhs.only) |

¥ shear slope (in Timoshenko beam element)

¥ attitude éngle (in jou;na1~bea(ing'system;

Q;w, rotor opégatiﬁg"ngrvice) speed.v

W, rotorxégératihg spe;d (on graphs ohly)

W, . rotor initial speed ) : ,

Wo 'systeﬁvfirst natural frequency ‘
Wy - natural f}eduency of the n-th mode of vibration

\
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- rotor ahgular travel

instantanéous_rotor speed and acceleration rate

rotor acceleration rate through the critical fregq.

~instantaneous rotor speed at the instant the

response amplitude reaches its maximum
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APPENDIX A-2: Timoshenko bgéﬁ eleﬁTnts' matrices

- L

AN

Simple Timoshenko Beam'Elem\ht-
(Davis, at al; [13])

(a)'eiement stiffness matrix: a

< [EK] = a ’ "\‘\. o
» | ke 0 0 o
- N .
-~ e ' - symmetric - k2 =k,
) s
k
X ' .
" where:
¢ = 12EI /GKAL? .

a = EI/(1+¢)L>

‘k1 = AE/L:G ’

PR

‘r-'

ks = (4+®)L2

ks - (2-¢)L2

121



(b) element mass matrix

[EM]

where:

m, 0 0 m, 0 0 v
M3 My 0 Mg ~mg
- m, 0 Mg Mg
. m, 0 0
Symmetric o m, m;
my J

5 .
= pAL/(1+¢)?

= I/AL?

=.pAL/3ﬁ

=m, /2 (

= 13/35¥7¢[10+¢2/3467/5 ‘

= L(11/210+11¢/120+$2/24+7/10~7$/2)
=19/70+3¢/10+¢%/6-67/5 S
='L(13/420+3¢/40+¢4/24—7/1o+7¢)2)

= tz(1/105+¢/60+¢2/120+27/15+7¢/6+&¢f/3)
= L7 (-1/140-9/60-$2/120-7/30-7¢/6+7$? /6)

SN
:
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4

| Complex Timoshenko Beam Element
(Akella & Craggs, [21])

i

i

. (a) element stiffness matrix:

[EK] =

where s

s

]

i

] i . n

i

0o 0 0 0. . -k,

kz k3 ‘ "'kq ks
ka “ky kg
k11 "‘k12
Ky
. .symmetric
GKA/L
.E/GK
6/5 _
3L/5 ’
L/10A \;\N“///
L?/JOI ’

3L%/10+6EI /5GKA
T2/20A

123 -
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C
ke = L?/20I+EL/10GKA
ke = 3L%/10-6EI/5GKA
\ S::\ - Kio = L°/20I-EI/10GKA
/ Ky, = 4L2/30A%
Kig = L/1201A
kia = kiv /4 =
Kyo = L”/120I2+2EL;7151GK%\

o ‘ kis = L°/12012+EL?/30IGKA

.

(b) element mass matrix:
- 9
( m, O 0 0 0 m, 0 0 0 0
/
{ mj m; ~Mg Mg 0 m,; —Mg Mg Mg
- \"L \\Zﬂ '/J . . (TS
B ~ B My -Myy myz O Mg ~My3 Myy Mg
i 4
: v - Myg ~Myy 0 Mg Mig "Myg ~Mygq
ﬁ{ myg. O Mg ~Mys My Mz
[EM] = 07 h A
i m, 0 0 0 0
. L ]
& 1 m3 _ma m5 ms
symmetric Myo ~Myq —My,
mg ki
Mg
b —J
where:

0 = pAL



m,

m;
My
M
Mg

my

my g
m]Z
mya3

My

Mys °

- L2/2401

1/3

1/6

13/35

17L/280

11L/210A o

9/70 o
11L/280 |
13L/420A
17L2/1260+131/35A

57L2/5040A

11L3/100801+11L/210A

L2/90—91/70A

L%/112A

11L3/10080I-13L/420A

L2/105A%
9L3/10080AI
L2/140A%
L®/10080I2+L?/105A1
L“/1008612—L2/1¢0A1

——
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APPENDIX A-3: Computer program listing

Thé followiné is‘ the computér ‘progfam 1isting (in
FORTRAN code) consisting of the main segments (TRANSFB, BEAM
and FRAME) and several subrghfines. The schematic diagrams
of TRANSFB and BEAM are shown in Figs. 4.1 and 4.2. There
are considerable, number of comments cards included in the
program. It is hoped that these comments cards together with
the abo&e mentioned diagrams and the theoretical discussion
presented in Chapters 2, 3'and 4 should make the. program

self-explanatory.
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21
22
23
24
25
25
27
28
29
30
31
32

33

34
35
36

38

- 39

40
41
42
43
44
45
46
47
48
49
50
51
52

0001
0002
0003
0004
0005
0006

0007

0ooc8
0009
0010
0011
0012
0013
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program name: TRANSFB

R e e sk ot 0 L0 T B T o T O S S U R TR

SR S S T S S T T T S Y

OF SIMPLE BEAM OR PORTAL FRAME AS MODELS OF
LOW TUNED STRUCTURE SUPPORTING AN UNBALANCED

A RECCURENCE SCHEME BASED ON FINITE TIME

(SIHPLE OR COMPLEX) IS USED TO APPROXIMATE
ELASTIC- AND INERTIAL PROPERTIES OF STRUCTURE

NATURAL FREQUENCIES AND/OR EIGENVECTOR

TRANSIENT RESPONSE

ACCELERATING ROTOR
~— * ok %

/

DIRECT INTEGRATION
OF SYSTEM EQUATION OF MOTION USING

ELEMENT FORMULATION
* K.k

FINITE TIMOSHENKO BEAM ELEMENT

* % X
DETERMINATION OF SYSTEM

L S S 2 i SN I S S G

AND STATIC TEST

At o s R R R S O S S R N R A RS SO

REAL*8
REAL*8
REAL*8
REAL*8
REAL#*8
REAL*8

INTEGER

NE
NBE
NCE
IE
IR
NL
NG

<

M (50,50),K(50,50),c(50,50), DD(so)
AA(1275) ,BB(1275)

E(10,10)

z(150,150),v{150, 150)

wvo (150) ,wv1(150) ,wWwv2(150),0(150)
WK (23000)

Nq(zo,tb) ' ,

total number of elements in the structure
number of elements in the beam

number of elements in each column

number of D.O.Fs per element

number of D.O.Fs of constrained structure
nodal no. of applied lcad; vertical comp.
array; elemments' nodal numbers in global
numbering system; considering constraints
and boundary -conditions of the system

READ(5, IOOO)NBE NCE, IE, IR NL

IT=3%IR
NE=NBE+NCE*2

ISM=IR*(IR+1)/2.0+0.5 _
MWK=IT#**2+3%IT )

IF( NCE

.NE. 0) GO TO 10
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&

>

53
54
55
56
57
58
58
60
61
62
63
64
65
66
67
68
69
70
71

72

73
74
75
76
77
78
79
80
81
82
83
84
85

86

87
88
89
S0
91
92
93
94
85
S6
97
98
99
100
101
102
103
104

0014
0015
0016

0017
0018

0001

0002

0003
0004
0005
0006
0007

0008

0009 -

0010

0011

0012

0013

0014

0015

L
‘%lr\
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S

CALL BEAM(NBE,NE,IE,IR,IT,NL,ISM,MWK,M,K,C,E,AA,

+ BB,DD,WK,NG,Z,V,Q,WVO,WV1,WV2)
10 CALL FRAME(NBE,NCE,NE,IE,IR,IT,NL,ISM,MWK M K,C,
+ E,AR,BB,DD,WK,NG,Z,V,Q,WV0,WV1,WV2)
1000 FORMAT (516) :
STOP
END

c
e
CCccC
cccC
CcccC.
ccc
ccc

—$CC
cc

c

aaaooaaan aaQOaoaaan @]

Q0

The following subroutine is actually the main pro-
gram. The split MAIN-BEAM was introduced to enable
changing dimensions of global matrices and vectors
depending on a-number of D.0O.F. in the system. The
BEAM subroutine differs slightly for each mogdel
considered. The version for Model 3 is as follows:

SUBROUTINE BEAM (NBE,NE,IE, IR, IT,NL, ISM, MWK, ,K,C,

+ E,AA,BB,DD,WK,NG,Z,V,0,WV0,WV1,Wv2) .

REAL*8 M(IR,IR),K(IR,IR),C(IR,IR),E(IE,IE)
REAL*8 2Z(IT,IT),Vv(IT,IT),BB(30),cC(30)

REAL*8 WVO(IT),Wv1(IT),Wwv2(IT),Q(IT),WK (MWK)
REAL*8 ALP,BET,GAM,T0,DT,TA,T,PI,OMO

REAL*8 BHL,EL,EMO,SMO,ARE,SMA,RHO,PRO,GKA,SHF
REAL*8 MR,ECC,OMI,OMR,OMT,OMS,OMA,F1,F2,F3

REAL*8 UC,WT,MC,ME,PAR,EPS,PSI,VEP,VPS,DX,PYI
REAL*8 TX(30),PX(30),PY(30),VIS,BL,BR,RC
REAL LAST '
INTEGER NG(NE,IE)

- temporary element (mass or stiffness) matrix

— consistent stiffness matrix of const. system
— system damping matrix (C = ALF¥M + BET*K)

axX=m

READ (5, 1001)NDT, DT, ALP,BET, GAM

NDT - number of time steps

DT - time step

ALP- constant in Rayleigh's proportional damping
BET - coqstant in Rayieigh‘s proportional damping

. GRM - rotor acceleration time parameter

Y

WRITE (6, 1107)
WRITE(6,1114)

If simple Timoshenko beam (6 D.0O.F.) used goto 453"

IF(IE .EQ. 6). GO TO 453

- ‘consistent mass matrix of constrained system
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105
106
107
108
109
110
111
112
113
114
115
116
117
118
118
120

S 121

122
123
124
125
126
127
128
129
130
131

132 .

133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156

0016
0017
0018
0019
0020
0021
0022

0023
0024
0025
0026
0027
0028
0028
0030

0031

0032

0033
0034

0035

0036

0037

0038

0039
0040
0041
0042

(oMo e Ne!

aaoaoaaoaoaa -

Oonoaaan

453
454
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WRITE(6,1115)

GO TO 454

WRITE(6,1116) ' -
CONTINUE.

WRITE(6,1100) NE,NBE, NCE

WRITE(6,111 1)IE,IR,IT,NL
WRITE(6,1106)

Read in NG array, storing element nodal nuhbers in
global numbering system. If complex Timoshenko
beam finite element (10 D.O.F.) used go to 551.

4

IF(IE .EQ. 10) GO TO.551

. READ(5, 1000) ((NG(1,J),J=1,IE),I=1,NE)

551

552

10

WRITE(6, 1101)((NG(I J)y,Jd=1 IE) 1—1 NE)
GO TO 552 .

READ (5,2000) ((NG(1,J),J=1,1E)., I=1,NE)
WRITE(6,2101) ((NG(1,J),J=1,IE),I=1,NE)
CONTINUE

WRITE(6, 1105)

Read in beam material constants and shear factor
PRO - Poisson's ratio

EMO - elasticity modulus

RHO - density v

SHF - cross—sectional shape (shear) cofficient

READ (5, 1002) PRO, EMO, RHO, SHF
PI=3.141592654D+00
SMO=0.5*EMO/ (1.0+PRO)
RHO=RHO/386.16

Read in beam geometry parameters & mass of a rotor
BML - beam total length

ARE ~ cross-sectional area

SMA - second moment of cross—section area

MR - rotor mass .

READ (5, 1002) BML, ARE, SMA, MR

EL=BML/NBE

WRITE (6, 1102) PRO, EMO, RHO, SHF , BML, ARE SMA
GKA=SMO*SHF *ARE

Initialize global M and K matrices.

DO 10 I=1,IR
DO 10 J=1,IR
M(I,3)=0.0
K(1,J3)=0.0

Call routine to. evaluate complex (TM544) element
stiffness matrix. If simple element used goto 661

o
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IF(IE .EQ. 6) GO TO 661

GO TO 662
CALL KSTMBM (EL,GKA,ARE,EMO, SMA,E)
CONTINUE

Call assemblage rouﬁine"{iooping for total number
of elements in a beam) to get system stiff. matrix

DO 12 NK=1,NBE
CALL ASSzZwW(E,NK,IE,NE,IR,K,NG)

Call routine to evaluate complex (TM544) element
mass matrix. If simple element used go to 663,

IF(IE .EQ. 6) GO TO 663
CALL ‘MCTMBM (EL, ARE, SMA,RHO, E)

‘GO TO 664

CALL MSTMBM (EL,GKA, ARE EMO, SMA RHO E)
CONTINUE

Assemble elements' mass matrices into system's one

DO 14 NK=1,NBE
CALL Asszw(E NK,IE,NE, IR,M,NG)

Read in journal-bearing systeﬁ-parameters
VIS - lubricant viscosity

BL - length of a bearing
BR - radius of a bearing
RC - radial clearence ‘
UC - normalized rotor unbalance (e/C)

READ (5, 1002) VIS, BL,BR,RC, UC
ECC=RC*UC

RBM=MR/ (BML*ARE#RHQ)

WRITE (6, 1122) MR, ECC,RBM

Read in parameters v

OKO - system first natural frequency
OMR - rotor oparating (service) speed
OMI - rotor initial speed

HOM - system highest natural frequency

READ (5, 1002) OMO, OMR, OMI , HOM
OMR=0MR*PI/30.0D+00

DEL=0MR/OMO
YO=(MR¥ECC*OMR**2*BML**3)/(48 O*EMO#*SMA)
TO= (PI*2.0D+00) /OMO

TN=2.0*PI/HOM

TA=GAM*TO
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ZET=DT/TN Y

Read in number of time steps (IP) for calculation
of 0il-film dynamic forces and initial conditions
IP' ~ number of time sub-intervals '
EPS - journal centre eccentriciiy

PSI - attitude angle L .

VEP - journal centre radial ve1001ty

VPS - journal centre tangential velocity

PYI - vertical component of initial dynamic force

READ(S 1001) IP,EPS,PSI,VEP,VPS,PYI
WT=MR*386. 16D+00

- MC=MR*RC

30

655

aOQaoaao0n

ME=MC>*UC
VIS=VIS/6.894757D+03 -
PAR=VIS*BL**3%BR/ (RC**2%2,0D+00)
RSP=0OMR*60.0/ (2.0*PI)

SMN=PAR*OMR/ (WT*2.0)

STP=0MR* (RC/386. 16) *%0.5

NDT2=TA/DT+1.5

DT=TA/ (NDT2%*1.0D+00)
NDT=NDT2+TA/DT+1.5

DX=DT/ (IPx*1. on+oo)

IP=IP+1 “
WRITE(6, 1108) DT, NDT,ALP,BET, GAM, DEL
WRITE(6, 1123) OMO, TO,HOM, TN, ZET, OMR, TA

WRITE(6,1125)0MI

OMI=OMI*PI/30.0D+00

Evaluate system pggportional damping matrix from
global mass and stiffness matrices

DO 30 I=1,IR
DO 30 J=1,IR
c(1,3)=ALP*M(I,J)+BET*K (I, J)
CONTINUE

Call subroutines to create submatlrices of a finite
time formulation, and then modify them to include,
effect of rotor acceleration in its linear motion
(que to beam vibration) on forcing function.

CALL FTZ12(IR,IT,DT,M,C,K,2Z)

Z (NL,NL+IR) =Z (NL,NL+IR) +MR

Z (NL+IR,NL)=Z(NL+IR,NL) -MR

Z (NL+IR,NL+IR) =2 (NL+IR, NL+IR)+HR*DT

Z (NL+2*1IR, NL)=Z(NL+2*IR,NL) -MR*DT
Z(NL+2*IR,NL+IR)=Z(NL+2*IR,NL+IR)+O.8*MR*DT**2

Z (NL+2*IR,NL+2%IR) =2 (NL+2*IR,NL+2*IR) +MR*DT**3/60.
IDGT=0



261 .

262
263
264
265
266
267
268
269
270
271
272
273
274
275
276

277 -

278
279
- 280
281
282
283
284
285
286
287
288
289
290
291
292
283
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312

0099
0100
0101
0102
0103
0104

<0105

0106
0107
0108

0109
6110
(ORI
0112
0113
0114
0115
0t1e
0117

0118

0119

0120
0121
0122
0123
0124
0125
0126
0127
0128
0129

0130
0131
0132
0133

nooonoaoaaaa

QaOa0an

35

50

60

70

132~

Invert modified finite time formulation matrix Z12

CALL LINV2F(Z,IT,IT,V,IDGT,WK,IER)
DO 35 I=1,IT

© DO 35 J=1,IT

Z2(1,J3)=v(1,J)

CALL FTZ11(IR,IT,DT,M,C,K,V)
V(NL,NL+IR) =V (NL,NL+IR) -MR
V(NL*IR,NL)=V(NL+IR,NL)+MR ~
V(NL+2*IR,NL) =V (NL+2*IR,NL) +MR*DT
V(NL+2*IR,NL+IR) =V (NL+2#IR,NL+IR) +0. 2*MR¥DT# %2
V(NL+2#*IR,NL+2%IR) =V (NL+2#IR, NL+2+*IR) +MR*DT**3/60.

Determine’ vector of nodal acceleration at time t=0
to enable starting procedure for reccurence scheme

DO 50 I=1,IT
0(1)=0.0 ,
wvo(1)=0.0 ) : ' -
DO 60 I=1,IR
~ wWvi(1)=0.0
Wv1(NL)=PYI
IDGT=0
IRHS=1
CALL LEQT2F (M, IRHS, IR, IR,WV1, IDGT,WK, IER)
DO 70 I=1,IR
WVO (IT-IR+I)=Wv1 (1)

Direct integration of a system equations of motion
(using time-stepping scheme) and printing out the
results which, for the sake of simplicity, is
limited only to ﬁisplacement envelope at a midspan
of a beam. Subroutine FORCE determines dynamic oil
film force (vertical component, Fy) at each of IP
time sub-intervals and subroutinzs SPLINT evaluates
required integrals.

NPT=0
PREV=-0; 1
LAST=0.0
T=0.0D+00
WRITE (6,3300) SMN, STP,UC,RSP, WT, PAR
WRITE (6, 1109)
DO 80 L=1,NDT
IF(L .LE. NDT2) MAR=2
IF(L .GT. NDT2) MAR=3
CALL FORCE(T,DX,IP,TA,EPS,PSI,VEP,VPS,OMR,OMI,M
WT,MC,ME,PAR, TX,PX,PY,OMT,OMS,OMA)
CALL SPLINT(IP,DX,TX,PY,BB,CC,F1,F2,F3)
Q(NL)=F1 '
Q(NL+IR)=F2
Q(NL+2%IR)=F3
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313 0734 © CALL MMULT(V,WvO0,IT,IT,1,WV1)
314 0135 ‘DO 85 I=1,IT
315 0136 85 . - wv2(1)=Q(1)—wv1(1) ‘
316 0137 - CALL MMULT(Z,Wv2,IT,IT,1,WV0)
317 0138 : - IF(LAST .GT. PREV .AND. LAST .GT. WVO(NL))GO TO'
318 + A . 977
319 0139 Go TO 978 '*
320 0140 977 TIME=T-DT
321 0141 NPT=NPT+1.
322 0142 X=TIME/TO . . )
323 0143 ‘ Y=LAST/YO ' y
324 0144 ' WRITE (6, 1110)NPT TIME, LAST X, Y '
325 0145 978 PREV=LAST
326 0146 LAST=WVO (NL) -
327 0147 80 'CONTINUE _
328 0148 NPT=939 . -
., 329 0143 WRITE(6, 1110) NPT '

330 . C

331 0150 1000 FORMAT (615)

332 0151 2000 FORMAT (10I5) -

333 0152 1001 FORMAT{(I6,5D20.8)

334 0453 1002 FORMAT (9D20.8) - :

335 dQB4 1100 FORMAT(1X Total number of flnlte elements used',
336 + 8X,'=",13/ .

337 + 1X, 'Number of finite elements in beam ',
338 + 8X,'=',13/ ,
339 + 1X, 'Number of finite elements in column ‘',
340 + 8X,'="',13/)

341 ., 0155 1101 FORMAT(1X,6I5).

342 0156 2101 FORMAT(1X,13,91I5)" L

343 0157 1102 FORMAT (1X, 'Poisson . ratio . =' F19,5/
344 ) + ', 1X,'Young modulus - =',F19.5/
345 + 1X, 'Density ‘ ' =',F19.5/
346 + 1X, 'Shape factor . - _=',F19.5//
347 + 1X,'Total beam length - =' F19.5/
348 + 1X, 'Beam cross—section area =' F19.5/
349 _ + 1X, 'Beam second moment of area =',F19.5/)"
350 0158 1104 FORMAT (1X, 'System 1st natural frequency=',F19.5/
351 + 51X, 'System 1st natural period =' F19.5/

. 352 -+ " 1X, 'System highest frequency =',F19.5/
353 + 1X, 'System shortest period ,F19.5)
354" 0159 1105 FORMAT(1X/16X 'STRUCTURE AND MATERIAL- PROPERTIES /
355 + B £ =5 G S '
356 0160 1106 FORMAT(1X/1X 'Array NG(NE,IE):'/ :

357 + 1+| [} l/) i

358 0161 1107 FORMAT(1X/J6X, FORCED VIBR. TRANSIENT SOLUTION'/
359 ‘ + '+',15X,' v/
360 0162 1108 FORMAT(1X, 'Time step =',F19.5/
361 + 1X,'No. of time steps =' 113/

362 + 1X, 'Alpha =' Fi9.5/
363 + 1X, 'Beta =' F19.5/
364 + 1X, 'Gamma =' F19.5/
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+ 1X,
1109 FORMAT (12X,
+ 9X,
+ 12x,
+ 99X,

134
'Delta ‘="' F19.5/)
'TIME',6X, 'DEFLECTION',8X, 'TIME/TO',
DRFaCtor / :
. = ’6X! __________ '98x" ——————— "
" "/

1110 FORMAT(1X,I3,5X,F8.4,5X,E11.5,5X,F10.3,5%,F10.3)

1111 FORMAT (1X,
1X,
1X,
1X,
1X,
1X,
1X,
1X,
1114 FORMAT(16X
+ '+' 15X,
1115 FORMAT(1X
+ l+|
1116 FORMAT(1X
+ l+l

F o+ F 4+ o+ o+

"Number of degree of freedom per',

'element =' 13/

'Total No. of D.O.Fs of constrained’,
'system =!' 13/

'Order of finite time element',
'matrices , 13/

'Nodal number correspondlng to applied’',
'load =',13/)

'BEAM SIMPLY SUPPORTED AT ITS ENDS' /

: e,

COMPLEX TIMOSHENKO BEAM ELEMENT (TM544)
1 . V/)
'SIMPLE TIHOSHENKO BEAM ELEMENT' /

' . |/)

1117 FORMAT(1X 16,3X,F15.8)"
1119 FORMAT (1X/)

1122 FORMAT (1X,
+ 1X,
+ 1X

/1123 FORMAT (1X,

.
0175

1X,
1X,
1%,
1X,
'O—',
1X,
1125 FORMAT (1X,
3300 FORMAT (5X,

.+ + o+ o+

+ ‘ 5X,
RETURN
END

c

cCc

C

C
c

cc Subroutine
c .

SUBROUTINE
.

REAL*8 DD

'Mass of the rotor =' F19.5/
'Eccentricity of the mass’ =' F19.5/
, 'Rotor.//support mass ratio =' F19.5/)

"System 1st natural frequency=',F19.5/
'System tst natural period. =',F19.5/
'System. highest frequency =' F19.5/ ;7

'System shortest period ) =' F19.5/
'"Time step/shortest period =',6F19.5/
'Rotor operating speed =',F19.5/
"Rotor acceleration time ., =',F19.5)

'Rotor initial speed ='_,F19.5/)

!'SMN=',F10.3,3X,'STP="',F10.3, 3%, 'e/c=",F

'N =',F8.1,5X,'W =',FB8.1;5X, ' 'PAR=' F1O

FRAME (version for Model 2)

FRAME (NBE,NCE, NE, IE, IR, IT,NL, ISM, MWK, ¥,
K,C,E,AA,BB,DD,WK,NG,Z,V,Q,WVO,WV1,WV2) .

REAL*8 M(IR,IR),K(IR,IR),C(IR,IR),BB "-5M),AA (ISM)

(IR)_E(IE IE), Z(IT,IT),V(IT,IT),WK(MWK)

REAL*8 'WVO(IT),WV1(IT),WVZ(IT),Q(IT)

REAL*8 ALP,BET,GAM, DEL,EPS,ZET,PI,GKA,BML,CNL, TO

REAL*8

1,c2,C3,C4,C5,CK,D1,D2,D3,D4,D5,F1,F2,F3

o
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REAL*8 EL,EMO,SMO, ARE, SMA,RHO, PRO, ECC, MR, OMO, OMN
REAL*8 OMR,OMT,OMS,OMA,DT,TA,T,TX,FX,PREV,LAST,X
REAL*8 Y,XO0,Y0,PREVX,LASTX,PREVY,LASTY,HOM, TR, TN
REAL*8 TG(4),HG(4) ,0MI,SHF

INTEGER NG(NE,IE)

Gaussian quadrature .internal points and weighting
factors -

TG(1)=-0.861136311594053D+00

TG(2)=-0.339981043584856D+00 . ' ¢
TG (3)=-TG (2)

TG(4)=-TG (1)
HG(1)=0.347854845137454D+00
HG(2)=0.652145154862546D+00

HG (3) =HG (2) '

HG(4)=HG(1)

READ (5, 1001) NDT, DT, ALP, BET, GAM, DEL
IF(NDT .GT. 0) GO TO 449

WRITE(6,1112)

GO TO 450

WRITE (6,1107)

CONTINUE

WRITE(6,1113)

IF(IE .EQ. 6) GO TO 453

WRITE(6,1115) -
GO TO 454 a
WRITE(6,1116)

CONTINUE : ‘

WRITE (6, 1100) NE, NBE, NCE
WRITE(6,1111)IE,IR,IT,NL

WRITE (6, 1106)

IF(IE .EQ. 10) GO TO 551 ‘
READ (5, 1000) ((NG(1,J),J=1,IE),I=1,NE)
WRITE(6, 1101) ((NG(I,J),J=1,1E),I=1,NE)
GO TO, 552 ‘

READ (5,2000) ((NG(1,J),J=1,IE),I=1,NE)
WRITE(6,2101) ((NG(1,J),J=1,IE),I=1,NE)
CONTINUE - ‘
WRITE(6, 1105)

READ (5, 1002) PRO, EMO, RHO, SHF, ECC, EPS
PI=3.141592654D+00

SMO=0.5*EMO/ (1.0+PRO) ' v

"RHO=RHO/386. 16

READ (5, 1002) BML, ARE, SMA .
EL=BML/NBE

‘READ (5, 1002) MR

WRITE (6, 1102) PRO, EMO, RHO, SHF, BML, ARE, SMA
GKA=SMO*SHF*ARE
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Evaluate’boefficients for static test

C1=(BML**3) / (96.0%EMO*SMA)
C2=(9.0*BML*%*2) /32,0
C3=BML/ (4.0%GK2)
C4=0.5/EMO
C5=(9.0*BML**3) / (64. O*EHO*ARE)

: CK=SMA/BML

D1=1.0/(12.0%EMO)
D2=0.5

D3=1.0/ (GKA*BML)
D4=2.0/ (EMO*BML**2)
D5=BML/ (4. 0*EMO*ARE)

Evaluate beam element -‘mass and stiffness matrices.
and assemble them into system global matrices

DO 10 I=1,IR
DO 10 J=1,1IR .

M(1,3)=0.0 C
K(1,3)=0.0 :

IF(IE .EQ. 6) GO TO 661

CALL KCTMBM (EL,GKA, ARE, EMO,SMA, E)

GO TO 662

CALL KSTMBM (EL,GKA, ARE, EMO, SMA,E)

CONTINUE

DO 12 NK=1,NBE
CALL ASsSzw(E,NK, I1E,NE,IR,K,NG)

IF(IE .EQ. 6) GO TO 663 .

CALL MCTMBM (EL,ARE, SMA,RHO, E)

GO TO 664

CALL MSTMBM (EL,GKA, ARE, EMO, SMA,RHO, E)

CONTINUE o

‘DO 14 NK=1,NBE

CALL ASSzw(E,NK, IE,NE,IR,M,NG)

Read in column geometry parameters

B CNL - length of column

ARE - cross—-secyional area
SMA - second moment of cross—section area

READ (5, 1002) CNL, ARE, SMA

_EL=CNL/NCE

MR=MR+EPS*2 . 0*CNL*ARE*RHO
GKA=SMO*SHF*ARE

Continue evaluation of coeff;cieﬁts for analytical
determination of maximum static displacements at
midspan of a frame beam. 5

~
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666
667

. IF(IE .EQ. 6) GO TO 668

17
668

. NS=NF+1

669
670
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CK=CK*CNL/SMA
C1=C1%(1.0+2.0%*CK) / (2.0+CK)
C2=C®/ ((CNL#*GKA) * (2. 0+CK) #%2)
C4=C4*CNL/ARE
C5=C5/ (CNL#* (2. 0+CK) ) *%*2
D1=D1%(2.0+3, 0*CK)*CNL**3/(SMA*(1 o+6 o*cx))
D2=D2*CNL/GKA
D3=D3#* (3, 0*CK*CNL/ (1.0+6.0*CK) ) #*2
D4=D4* (CNL/ARE) * (3. 0%CK*CNL/ (1.0+6. O*CK))**Z
P=1000.0
YO=—P% (C1+C2+C3+C4+C5)
X0=P* (D1+D2+D3+D4+D5)

Evaluate columns' elements matriceg (stiffness and
mass matrices and assemble them 1nto system ones

IF(IE .EQ. 6) GO.TO 666

* CALL KCTMCN (EL,GKA, ARE, EMO, SMA,E)

GO TO 667
CALL KSTMCN (EL,GKA, ARE EMO, SMA, E)

.CONTINUE

NS=NBE+ 1
NF=NS+NCE- 1

DO 16 = NK=NS,NF

CALL ASSZW(E,NK, IE,NE, IR,K,NG)

DO 17 I=1,10
E(1,I)=-E(1,1)
E(6,1)=-E(6,1)
E(I,1)=~E(I,1)
E(I,6)=-E(1,6)
E(2,1)=-E(2,1)
E(7,1)=-E(7,1)
E(1,2)=-E(1,2)
E(1,7)=-E(I,7)

CONTINUE

NF=NS+NCE-1
DO 18 NK=NS,NF

CALL -ASSzW (E,NK, IE,NE, IR, K, NG)
IF(IE .EQ. 6) GO TO 669. -
CALL MCTMCN (EL, ARE, SMA,RHO, E) .
GO:TO 670 ‘ -
CALL MSTMCN(EL,GKA, ARE, EMO SMA,RHO,E)
CONTINUE
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573 . 0126 NS=NBE+ 1

574 0127 NF=NS+NCE- 1
575 0128 DO 20 NK=NS,NF

576 0129 20 CALL ASSZW(E,NK, IE,NE, IR, M, NG)

577 0130 * IF(IE .EQ. 6) GO TO 671

578 0131 . DO 21 I=1,10

579 0132 E(1,1)=-E(1,1I)

580 0133 E(6,I)=-E(6,1)

581 0134 E(1,1)==E(I,1) \

582 0135 " E(1,6)=-E(I,6)

583 0136 E(2,1)=-E(2,1)

584 0137 E(7,1)=-E(7,1) .

585 0138 E(I,2)=*E(I,2) a ‘
586 0139 21 E(I,7)=-E(1,7) /

587 -~ 0140 671 CONTINUE

588 0141  NS=NF+1 —

589 0142 NF=NS+NCE- 1

590 .-0143 , DO 22 NK=NS,NF i

591 0144 ! 22 caLL asszw(E,NK, IE,NE,IR,M,NG) |

592 0145 IF(NDT .GT. 0) GO TO 772

593 0146 NX=NL-1

594 0147 M(NX,NX) =M (NX; NX) +MR

595 0148 - WRITE(6, 1103)CNL, ARE, SMA

596 0149 771 CONTINUE

597 0150 M(NL,NL) =M (NL,NL) +MR

598 0151 EPS=MR/ (BML*ARE#RHO)

"599 0152 , WRITE (6, 1122) MR, ECC, EPS

600 c : ' _
601 c . vDétermine_system"naturél frequencies &veigenvector
602 ' c _ '

603 0153 Do 37 I=1,1IR

604 - 0154 JR=1

605 = 0155 ' DO 38 J=1,JR .

606 0156 I8=I%(I-1)/2.0+0.5+J ' : .
607 0157 ' AA(1I8)=K(1,J)

608 0158 BB (IS)=M(I,J)

609. 0159 38 - CONTINUE

610 - 0160 37 CONTINUE -

611 0161 . CBLL EIGZsS(aA,BB,IR,1,DD,C,IR,WK,IER)

612 0162 ?§939 I=1,1IR

613 0163 _ 39{ DD(I)=DD(I)**0.5

614 0164 Jomo=bp (1)

615 0165 "\#oM=DD (IR) ,

616 0166, TR=PI*2.0D+00) /OMO

617 10167 TN=2.0*PI/HOM

618 0168 . WRITE(&, 1104)0MO,TO,HOM, TN

619 0169 . WRITE(6,1120)

620 0170 DO 40 I=1,IR

621 0171 40 WRITE(6,1117)I,DD(I)

622 0172 . DO 45 I=1,IR

623 0173 .~ WRITE(6,1127)1,(c(I,3),J=1,5)

624 ~ 0174 45 CONTINUE . :
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FORMAT (1X, I3, 10(2X,E10.4))
Static test

IDGT=0
DO 69 I=1,IR
DO 69 J=1,IR
c(1,3)=K(1,J)

DO 71 I=1,IR 4
.DD(I)=0.0
DD (NL) =-P

CALL LEQT2F(C,1,IR,IR,DD, IDGT,WK, IER)

WRITE (6,1119)

DO 73 I=1,IR’ \
WRITE(6,1117)1,DD(I)

ERR=DABS (100.0* (DD (NL)-Y0) /Y0O)

WRITE(6,1118) Y0, ERR

DO 74 1=1,IR

DD(I)=0.0
DD (NX)=1000.0 .
IDGT=0

DO 75 I=1,IR
Do 75 J=1,IR
c(1,J) K(I J)
CALL LEQT2F(C,1,IR,IR,DD, IDGT WK, IER)

"WRITE(6,1119)

DO 78 I=1,IR
. WRITE(6,1117)1,DD(I)

ERR=DABS (100. 0* (0D (NX) -X0) /X0)

WRITE (6, 1121) X0, ERR

CONTINUE

READ(5, 1001) I,0MN,OMO,HOM
OMR=DEL*OMN
Y0=(MR*ECC*OMR**Z)x(c1+C2+C3+C4+C5)
TO=2%PI/OMO

TN=2%PI/HOM

TA=GAM*TO .

ZET=DT/TN : /-

WRITE (6, 1126) I

WRITE (6, 1108) DT, NDT, ,ALP,BET, GAM DEL
WRITE(6_1124)OMO TO,HOM, TN, ZET, OMN,OMR, TA

1luate system global damping matrix
90 I=%,IR
DO 90 J=1,IR

C1,J) =BLP*M (I, J) +BET#*K (I,J)

Call subroutines to create submatrices of a finite
time formulation and modify them.
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CALL FTZ12(IR,IT,DT,N,C,K,Z)

Z (NL,NL+IR) =2 (NL, NL+IR) +MR

Z (NL+IR,NL)=Z (NL+IR, NL) -MR
Z(NL+IR,NL+IR)=Z (NL+IR, NL+IR) +MR*DT

Z (NL+2*IR,NL) =2 (NL+2*IR,NL) ~MR*DT

Z (NL+2%*IR,NL+IR) =2 (NL+2+*IR, NL+IR) +0.8%MR*DT#**2
Z(NL+2#IR,NL+2%IR)=Z (NL+2%IR, NL+2*IR) +MR*DT#*3/60.
Z (NX, NX+IR) =2 (NX, NX+IR) +MR

Z (NX+IR,NX) =2 (NX+IR, NX) ~MR

Z (NX+IR,NX+IR) =Z (NX+IR, NX+IR) +MR*DT

Z (NX+2#IR,NX) =2 (NX+2*IR, NX) ~MR*DT

Z (NX+2%IR, NX+IR) =Z (NX+2*IR,NX+IR) +0. 8*MR#*DT#*2

Z (NX+2%IR,NX+2*IR) =2 (NX+2* IR, NX+2#IR) +MR*DT**3/60.
IDGT=0 ' \

Invert modified submatrix (Z12)

CALL LINV2F(Z,IT,IT,V,IDGT,WK,IER)
DO 95 I=1,IT B

DO 95 J=1,IT

z(1,3)=9(1,9)

CALL FTZ11(IR,IT,DT,M,C,K,V)
v (NL, NL+IR) =V (NL,NL+IR) -MR
V (NL+IR,NL)=V(NL+IR,NL) +MR
V(NL+2%IR,NL) =V (NL+2*IR,NL) +MR#DT
V (NL+2*IR,NL+IR) =V (NL+2*IR,NL+IR) +0. 2%*MR*DT#*2
V(NL+2*IR,NL+2#IR) =V (NL+2*IR,NL+2*IR) +MR*DT**3/60.
vV (NX,NX+IR) =V (NX,NX+IR)-MR

- V(NX+IR,NX) =V (NX+IR,NX) +MR

V (NX+2*IR, NX) =V (NX+2%IR, NX) +MR*DT
V(NX+2*IR, NX+IR) =V (NX+2%IR,NX+IR) +0. 2*MR#DT#*2
V(NX+2%IR,NX+2%IR) =V (NX+2*IR,NX+2*IR) +MR*DT#%3/60.

_Determine vector of nodal acceleration at time t=0

- DO 100 I=1,IT

100

110

120

p(1)=0.0

wvo(I)=0.0
DO 110 I=1,IR .

wvi(I)=0.0
WV 1(NL) =—MR*ECC*2, 0*OMR/TA
IDGT=0 s
CALL LEQT2F(M, 1, IR, IR,WV1,IDGT,WK, IER)
DO 120 I=1,IR

WVO (IT-IR+I)=WV1(I)

Direct integration of a system equations of motion

NPTX=0

" PREVX=-0.1 -

LASTx=o.o
NPTY=0

P
e

RS

'&ﬁ_
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1000
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1001
1002
1100

o
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PREVY=-0, 1
LASTY=0.0
T=0.0
WRITE (6, 1109)
DO 130 L=1,NDT
CALL LOADY(T,DT,TA,MR,OMR,ECC,TG,HG,F1,F2,F3)
Q(NL)=F1
Q (NL+IR)=F2
Q (NL+2*IR) =F3
CALL LOADX(T,DT,TA,MR,OMR,ECC,TG,HG,F1,F2,F3)
Q (NX)=F1
Q (NX+IR)=F2
Q (NX+2%IR) =F3
CALL MMULT(V,WVO,IT,IT,1,WV1)
DO 135 I=1,IT
Wv2 (1) =0(1)-wv1(1)
CALL MMULT(Z,WV2,IT,IT,1,WV0)
\ IF(LASTY .GT..PREVY .AND. LASTY .GT. WVO(NL))
“ . GO TO 1977
GO TO 1966
NPTY=NPTY+1
X=T/TO
Y=LASTY/YO
WRITE(6,1110)NPTY,T,LASTY,X,Y :
IF(LASTX .GT. PREVX .AND. LASTX .GT. Wv0(NX))
GO TO 1988
GO TO 1955
NPTX=NPTX+ 1
X=T/TO
Y=LASTX/YO
WRITE(7,1110) NPTX, T, LASTX,X,Y
T=T+DT S
PREVX=LASTX
LASTX=WVO (NX)
PREVY=LASTY
LASTY=WVO (NL) «
CONTINUE
NPTX=999
NPTY=999
WRITE (7, 1110) NPTX -
WRITE (6, 1110) NPTY

FORMAT (615)
FORMAT (1015)
FORMAT (16,5D20.8) . A
FORMAT (9D20.. 8) ‘ e
FORMAT (1X, ' Total number of ‘finite elements used'
8X%, ,I13/ .
1X, Number of finite elements in beam '
8X, ,I3/ -
1X, 'Number of finite elements in column ', -
- 8X,'=',13/)
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1101 FORMAT (1X,6I5)
2101 FORMAT(1X,13,915)
1102 FORMAT(1X, 'Poisson ratio =' F19.5/

+ 1X, 'Young modulus =' F19.5/
+ 1X, 'Density =' F19.5/
+ 1X, 'Shape factor ‘ =',F19.5//
+ 1X, 'Total beam length =' F19.5/
+ 1X, 'Beam cross-section area =' F19.5/
+ 1X, 'Beam. second moment of area =' F19.5/)
1103 FORMAT (1X, 'Column height =' F19.5/
+ 1X, 'Column cross—section area =' F19.5/
+ 1X, 'Column second moment area =' F19.5/)
1104 FORMAT (1X, 'System 1st natural frequency =' F19.5/
" + 1X, 'System 1st natural periogd =' F19.5/
+ 1X, 'System highest frequency =' F19.5/
+ 1X, 'System shortest periogd =' F19.5)
1105 FORMAT(1X/16X,'STRUCTURE AND MATERIAL PROPERTIES'/
+ L =) Ity w /)
1106 FORMAT(1X/1X '"Array NG(NE,IE):'/
+ |+' | l/)
1107 FORMAT(1X/16X 'FORCED VIBR. TRANSIENT SOLUTION'/
+ Tt 1B, ! - ' “ /)
1108 FORMAT(1X 'Time step = ' F19.5/
+ 1X, 'No. of time steps = '113/
+ 1X, 'Alpha ' = ' Ft9.5/
+ 1X, 'Beta = ',F19.5/
+ 1X,'Gamma o= ',F19.5/
+ 1X, 'Delta = ',F19. 6/)
1109 FORMAT(12X 'TIME', 6X, 'DEFLECTION' ,8X, ’TIME/TO'
+ 99X, DRFactor / )
+ 12X, '====",6X, ' —~——m e ',8X, ' ——————v ',
+ C 9K, e "//)

1110 FORMAT (1X,13,5X,F8.4,5X,E11.5,5X,F10.3,5X,F10.3)

1111 FORMAT (1X, 'Number of degree of freedom per',

1X, 'element =! 13/ -

1X, 'Total No. of D.O.Fs of constrained',

1X, 'system | =' I3/

1X, 'Orden of finite time element'

1X, 'matrices =' 13/

1X, 'Nodal number corresponding to applied’,

1X,'load =' 13/)

1112 FORMAT (1X/ 16X, NATURAL FREQUENCIES & STATIC TEST'/
+ . I+l 15x l)

1113 FORMAT(ISX 'RIGID PORTAL FRAME WITH CLAMPED LEGS'/
+ '+' 158X, ")

1115 FORMAT(1X 'COMPLEX TIMOSHENKO BEAM ELEN. (TH544) /
+ v+v ) 1/)

1116 FORMAT(1X 'SIMPLE TIMOSHENKO BEAM ELEMENT'/
+ v+l t l/)

1117 FORMAT(1X 16,3X, F15 8) i -

1118 FORMAT('0', 'static test (y-deflec. at midspan) '/ -
+ |+l 1 l/ )

++ 4+ + + + o+
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+ X, 'exact solution =' ,F15.8/
+ 1X, 'percentage error=',F15.8/)
1119 FORMAT(1X/) .
1120 FORMAT(1X/1X 'System natural frequencies:'/

+ ’+| 1 l/)

1121 FORMAT('0"', static test (x-deflec. at midspan)'/
+ . |+v’ i/ :
+ 1X, 'exact solution =',F15.8/
+ 1X, 'percentage error=',6F15.8/)

1122 FORMAT (1X, 'Mass of the rotor = ' F19.5/
+ 1X, "Eccentricity of the mass = ' F19.,5/
+ 1X, 'Rotor/support mass ratio = ',F19.5/)

. 1124 FORMAT (1X, 'System 1st natural frequency= ',F19.5/

+ 1X, 'System 1st natural period = ',F19.,5/
+ 1X,'System highest frequency = ',F19.5/
+ 1X, 'System shortest period = ' F19.5/
+ 1X,'Time step/shortest period = ' ,F19,5/
+ '0', 'Highest passed frequency = ' F19.5/
+ 1X, 'Rotor operating speed = ' F19,5/
+ 1X, 'Rotor acceleration time = ',F19.5/)
1125 FORMAT (1X, 'Rotor imnitial speed = ' F19,5/)
1126 - FORMAT (1X/1X, 'ROTOR SPEED PASSING',I3,2X, 'NATUR',
+ 'AL FREQUENCY')
C
RETURN
END
C
cC :
ccc Subroutine to multiply matrices
cg
c
SUBROUTINE MMULT(A,B,M,KK,N,C)
REAL*8 A(M,KK),B(KK, N) c(n N)
DO 1 I=1,M
DO 1 J=1,N
c(1,3)=0.0
. DO 1 L=1,KK
T c(z1, ) =C (I, J)+A(I L)"B(L J)
RETURN
END
C
cC

cceC Subroutine to create finite time element matrix
CCcC from - system mass, dampinéland stiffness matrices
cc (for matrix Z12)

SUBROUTINE FTZ12(IR,IT,DT,A,B,C,2)
'REAL*8 A(IR,IR),B(IR, IR) C(IR, IR), Z(IT 1T),DT

DO 1 I=1,IR
DO 1 J=1,IR
z(1,J3)= B(1,J3)+DT*C(1,J3)/2.
Z(I,J+IR)= A(I,J)-DT**x2%C(I,J)/10.
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ccc
ccc
cc

cC
cce
ccc
cc

1

+

+

Z2(I,J+2*IR)=
Z(I+IR,J)=

Z(I+IR,J+IR)=

Z(I+IR,J+2*IR) =

Z(I+2*IR,J) =

Z(I+2%IR,J+IR) =

144

DT**3*%C (1,dJ)/120.
-A(I,J)+DT*(B(I,J)/2.0+DT*
c(1,3)*5./14.) ‘
DT*(A(I,J)+DT*(B(1,J)/10.-
DT*C(I,J)*13./210.))
DT*%3%(~B(I,J)/120.+DT*
c(1,3)/210.)

DT+ (~A(I,J)+DT*(B(I,J) %
2./7.+DT*C(I,J)*23./84.))
(a(1,3)%4./5.+DT*(B(I,J) *13
/105.-DT*C(I,J) /24.)) *DT**2

Z(I+2%IR,J+2*IR)=(A(1,J) /60.~-DT* (B(I,J)/105.

CONTINUE

RETURN
END

Subroutine to
system mass, damping and stiffness

from

(for matrix Z11)

Ccreate

~DT*C(1,J)/336.) ) *DT#**3

finite time element matrix
matrices

SUBROUTINE FTZ11(IR,IT,DT,A,B,C,V)
REAL*8 A(IR,IR),B(IR,IR),C(IR,IR),V(IT,IT),DT

DO 11
DO

=1,IR
1 J=1,IR
v(I,J)=
V(I,J+IR)=
V(I,J+2%IR)=
V(I+IR,J)=

V(I+IR,J+IR) =

V(I+IR,J+2*IR)=

V(I+2*IR,J)=

V(I+2%IR,J+IR)=

-B(1,3)+pT*C(1,J)/2.
~-A(1,J)+DT**2*xC(1,J)/10.
DT#**3*C(I,J) /120.
A(I,3)+DT*(-B(1,J)/2. +DT*
c(1,3)/7.)

DT**x2* (-B(I,J)/10. +DT*.
c(1,3)*4./105.) '
DT#*3% (-B(I,J)/120.+DT*
c(1,3)/280.)
DT*(A(I,J)+DT*(-B(I,J)*
2./7.+DT*C(1,J) *5./84.))
(a(1,J3)/5.-DT* (B(1,J)*8./
105.~DT*C(I,J)/56.) ) *DT*%2

V(I+2*IR,J+2*IR)=(A(I,J)/60.-DT*(B(I,J)/140.

1 CONTINUE

RETURN
END

Subrou

tine to create

"=DT*C (I,J) /560.)) *DT#**3

element stlffness matrix for

the simple Timoshenko beam element

SUBROUTINE KSTMBM (EL,GKA,ARE,EMO,SMA,EK)

REAL*8

EK (6, 6)



University of Alberta

937
938
939
840
941

- 942

943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966

- 867

968

969

970
971
972
973
974
975
976
971
978
979
880
881
982
983
984
985
886
987
888

0003
0004
0005

0006

0007
0008
0008

0010.

0011
0012
0013
0014
0015
0016
0017
0018
0019

.0020

0021
0022
0023
0024
0025
0026
0027
0028

+ 0028

0030

0031,

0032

0001
0002

0003

0004
0005
0006
0007
o]e]0]]
0009
0010

0011

co12

0013:

0014

cc
CcccC
CcC

Ll e!

145

REAL*8 EL,GKA,ARE,SMA,EMO,FI,C
FI=12,%EMO*SMA/ (GKA*EL*%*2)

C= (EMO*SMA/EL**3) / (1.0+F1I)

EK (1, 1) =ARE*EMO/EL

EK(2,1)=0.0

EK (2,2) =12, %C A
EK(3,1)=0.0

EK (3,2) =6.0%EL*C

EK(3,3)=C*(4,+FI) #EL*#*2

EK{(4,1)=-EK(1, 1)

EK(4,2)=0.0

EK(4,3)=0.0

EK(4,4)=EK(1,1)

i

-+

EK(5,1)=0.0 _
EK(5,2)=-EK(2,2) !
EK (5,3)=-EK(3,2)
EK(5,4)=0.0
EK(5,5)=EK(2,2)
EK(6,1)=0.0
EK (6,2) =EK(3,2)
EK(6,3)=C* (2.0-FI) *EL#*%2
EK(6,4)=0.0
EK (6,5) =EK (5, 3)
EK(6,6) =EK (3, 3)
DO 10 I=1,5

TK=I+]

DO 10 J=K,6

EK(T, J)=Exy 1)

RETURN
END L .

Subroutine to create element mass matrix for the
simple Timoshenko beam element

SUBROUTINE MSTMBM (EL, GKA,ARE, EMO, SMA,RHO, EM)
REAL*8 EM(6,6) ,EL,GKA,ARE,EMO, SMA,RHO,FI,C,D
FI=12.*EMO*SMA/ (GKA*EL**2)

C= (RHO*ARE*EL) / (1. 0+FI) #%2

D= (SMA/ARE) /EL#**2

EM (1, 1) =RHO*ARE*EL/3.0

EM(2,1)=0.0

EM(2,2)=C*(13,/35,+0. TAFI+FI*%2/3.+1. 2*D)

EM(3,1)=0.0

EM (3,2)=C*EL*(11./210.+11.%FI/120. +FI**2/24 +D*
(0.1-F1/2.))

EM (3,3)=C*EL**2% (1./105.+FI/60.+FI**2/120.+Dx
(2./15.+F1/6. +FI**2/3 0))

. EM{4, 1)=EM(1,1) /2.

EM(4,2)=0.0
EM(4,3)=0.0
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990
991
992
993
994
995
896
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007

1008

100S

0015
0016
0017
0018

0019
0020
0021

0022
0023

0024
0025

0026°

0027
0028
0029
0030
0031
0032

1010 . .°

1011

1012

1013
1014
1015
1016
1017

1018~.

1019

1020

1021
1022
1023
1024

1025
1026

1027
1028
1029

1030

1031
1032

1033

1034
1035

. 1036

1037
1038

1039°

1040

0001

Q002

0003
0004

0005

0006
0007
0008
0009
0010
0011
0012
0013
Q014
0015
0016
0017
0018
0019

- 0020
0021 -

0022

0023

004
0025

cc
cce
cce
ce
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EM(4,4)=EM(1,1)

EM(5,1)=0.0
EM(5,2)=C*(9./70.+0.3%FI+FI**2/6.~1.2%D)
EM(5,3)=C*EL*(13./420.+3.%FI1/40.+FI**2/24.-Dx (0. 1

-F1/2.)) '
" EM(5,4)=0.0
EM(5,5)=EM(2,2) ‘ &
EM(6,1)=0.0

10

EM(6,2)=-EM(5,3)

EM (6, 3)=C*EL**2*(D*(FI**2/6 -F1/6.-1./30.)-1./140.
-FI/60.-FI*%2/120,)

EM(6,4)=0.0

EM(6,5)=—-EM(3,2)

EM(6,6)=EM(3,3)

DO 10 I=1,5
K=I+1
DO 10 J=K,6
EM(I, J)=EM(J I)
RETURN
END

Subroutine to create element stiffness matrix for
the simple Timoshenko beam element (for column)

&]

SUBROUTINE KSTMCN (EL,GKA, ARE, EMO, SMA, EK)
REAL*8 EK(6,6) . .
REAL*8 EL,GKA,ARE, SMA EMO,FI,C

FI=12. *EMO*SMA/(GKA*EEW*Z)

C= (EMO*SMA/EL*%3) / (1. O+FI)

EK(1,1)=12.%C ,
EK(2,1)=0.0

EK (2,2) =ARE*EMO/EL

EK (3, 1)=-6.0%EL*C
EK(3,2)=0.0
EK(3,3)=C%*(4.+FI) *EL**2
EK(4,1)==-EK(1,1)
EK(4,2)=0.0
EK(4,3)=-EK(3, 1)
EK(4,4)=EK(1,1)
EK(5,1)=0.0
EK(5,2)=-EK(2,2)
EK(5,3)=0.0
EK(5,4)=0.0

EK (5,5)=EK(2,2)
EK(6, 1)=EK(3, 1)
EK(6,2)=0.0

EK (6, 3)=C%* (2. O_FI) *EL%%2
EK(6,4)=-EK(3,1)

EK(6,5)=0.0



versity ol Atberta

Ui

1041
1042
1043
1044
1045
1046
1047

1048°

1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062

‘1063

1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091

1092

0026
0027
0028
0029
0030
0031
0032

0001
0002
0003
0004
0005
0006
0007

© 0008
0009 .

0010
0011

oot2
0013
0014

0015

0016
0017
0018
0019
0020
0021
0022
0023

0024

0025

0026
0027
0028
0029
0030
0031

0032

EK (6,6) =EK (3, 3)

Do 10 I=1,5
K=I+1
DO 10 J=K,6
10 EK(I,J)=EK(J,I)
RETURN
END
C
cc

CCC Subroutine to create element
ccc simple Timoshenko beam element (for column)

cc C g

SUBROUTINE MSTMCN (EL,GKA,ARE, EMO, SMA,RHO, EN)
REAL*8 EM(6,6),EL,GKA,ARE, EMO,SMA,RHO,FI,C,D

FI=12.%EMO*SMA/ (GKA*EL**2)
C= (RHO*ARE*EL) / (1.0+F1I) ##2

D= (SMA/ARE) /EL*%2

EM(1,1)=C*(13./35.+0.7%FI+FI*%2/3.+1.24D)

EM(2,1)=0.0
- EM(2,2) =RHO*ARE*EL/3.0

147

mass matrix for the

EM (3, 1)——C*EL*(11 /210 +11.*%FI/120. +FI**2/24 +D*

T+ (0. 1-F1/2.))
BEM(3,2)=0.0

EM(3,3)=C*EL**2* (1./105.+FI/60. +FI**2/120 +D*

+ (2./15.+F1/6.+
+ . FI**2/3.0))

EM (4,1)=C*(9./70.+0. 3*FI+FI**2/6 -1.2%D)

EM(4,2)=0.0

EM (4,3) =~C*EL# (13. /420.+3. *F1/40.+F1%%2/24 . ~D*

+ (0.1-F1/2. )
EM(4,4)=EM(1,1)
EM(5,1)=0.0
EM(5,2)=EM(2,2) /2.0
EM(5,3)=0.0
EM(5,4)=0.0
EM (5, 5)=EM(2,2)
EM(6,1)=-EM(4,3)
EM(6,2)=0.0

1Y

EM (6, 3) =CHEL*%2% (DX (FI*%2/6. ~FI1/6.-1./30. )—1 /140

+ _ ~FI1/60.~FI**2/120.
EM(6,4)=-EM(3,1)
EM(6,5)=0.0
EM(6,6)=EM(3, 3)

DO 10 I=1,5
K=I+1
DO 10 J=K,6 ,
10 EM(I,J)=EM(J,I)
RETURN
END

cc

)



“versity of Alberta

1.

1093
1094
1095
1096
1097
1098
1099
1100
1101

© 1102

1103~

1104
1105

1106

1107
1108
1109

11107

1111
1112
1113
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CCC  Subroutine to calculate components (in X-direc.)
cce of load vector. Subroutine uses 4-point Gaussian
ccc quadrature to evaluate integrals.

cc
C
0001 SUBROUTINE LOADX(T,DT,T1,MR,OMR,ECC,TG,HG,
. ' + " F1,F2,F3) ‘
0002 REAL*8 T,DT,T1,MR,OMR,ECC,F1,F2,F3,TG(4),Hg(@),TX
0003 REAL*8 OMT,OMS,OMA, FX
0004 n. .. "@-‘\. .
0005 . = "7 k
. 0006 =» . .
0007 - -
0008. (TG (1)+1.0) /2.0
000g-> “.GT. T1) GO TO 1
0010, - P=OMR*T 1% ({F+TX) /T1) #x2% (3.0~ (T+TX) /T1) /3.0
0011~ <uanv;onR*(T+T§?*(2.0-(T+TX)/T1)/T1
0012 OMRE=OMR#%2.0* (1.0~ (T+TX) /T1) /T1
0013 GO TO 2 :
0014 1 OMT=OMR* ((T+TX)-T1/3.0)
0015 OMS=0OMR
0016 OMA=0.0
0017 2 . CONTINUE . -
0018 FX=MR*ECC# (OMS**2%DCOS (OMT) +OMA*DSIN (OMT) )
0019 F1=F1+HG (1) *FX
- 0020 F2=F2+HG (1) *TX*FX
0021 10 . F3=F3+HG (I) *TX#*2%FX
0022 F1=F1*DT/2.0
0023 F2=F2%DT/2.0
0024 F3=F3*DT/2.0
0025 RETURN
00626 END
o] .
cc . . :
CCC  Subroutine to calculate componernits (in Y-direc.)
ccc of load vector. Subroutine uses 4-point Gaussian
cce quadrature to evaluate integrals
cc
C .
000t SUBROUTINE LOADY(T,DT,T!,MR,OMR,ECC,TG,HG,F1,F2
o + ,F3) '
. C ' o
0002 . REAL*8 T,DT,T1,MR,OMR,ECC,F1,F2,F3,TG(4),HG(4),TX
0003 REAL*8 OMT,OMS,OMA,FX
c
0004 F1=0,0 ,
0005 F2=0.0 ' : s
0006 F3=0.0
0007 DO 10 I=1,4.
0008 TX=DT* (TG (I)+1.0) /2.0
0009 IF(T .GT. T4#).GO TO 1
0010 QMT-oanz4¥?(T+Tx)/Ti)**2*(3.0—(T+Tx)/T1)/3.o

[ Y
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1191,

1192
1193
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0011
0012
0013
0014
0015
0016
0017
0018
0019
0020

, 0021

o022
0023
0024
0025
0026

0001
0002

0003

0004
0005
0006

-0007

0008
0009
0010
0011
0012
0013
0014

‘0015
.'0016

0017

-0018

0019
0020
0021
0022
0023

0024

0025

‘0026
10027

0028
0029

70030

cc
ccce
ccc
cc
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OMS=OMR* (T+TX) * (2.0- (T+TX) /T1) /T1
OMA=OMR*2,0% (1.0- (T+TX) /T1) /T1
GO TO 2
OMT=OMR*((T+TX) T1/3.0)
OMS=0OMR 4
OMA=0.0
CONTINUE
FX=MR*ECC* (OMS**2*DSIN (OMT) ~-OMA*DCOS (OMT) )
F1=F1+HG (I) *FX
F2=F2+HG (I) *TX*FX
F3=F3+HG (1) *TX**2*FX
F1=F1%DT/2.0 : -
F2=F2*DT/2.0
F3=F3%DT/2.0
RETURN
END

Subroutine to create Timoshenko beam (peam-truss)
element (TM544) stiffness matrix (for beam)

SUBROUTINE KCTMBM (EL,GKA,ARE, EMO, SMA,K)
REAL*8 K (10, 10) ,EL,GKA, ARE, SMA, EMO
K(1,1)=ARE*XEMO/EL -

K(1,2)=0.0

K(1,3)=0.0

K(1,4)=0.0 :

K(1,5)=0.0 ' ' v
K(1,6)=-K(1,1)

K(1,7)=0.0

K(1,8)=0.0

K(1,9)=0.0

K(1,10)=0.0

K(2,2)=6.*GKA/ (5.0+EL)
K(2,3)=K(2,2)*EL/2.0
K(2,4)=-K(2,3)/(6.0*ARE)

K(2,5)=-K(2,4) *ARE+*EL/SMA

K(2,6)=0.0

K(2,7)=-K(2,2)

K(2,8)=K(2,3)

K(2,9)=K(2,4)

'K(2,10)=-K(2,5)

K(3,3)=K(2,3) *EL/2.0+6. O*EHO*SMA/(S O*EL)
K(3,4)=K(2,4)*EL/2.0

K(3,5)=K(2,5) *EL/2. O+EMO/1O 0

K(3,6)=0.0
K(3,7=-k(2,3)

K (3,8) =K (2, 3) *EL/2.0-6. o*zuo*snA/(s O*EL)
K(3,9)=K(3,4)
K(3,10)=-K(2,5"*EL/2.0+EMO/10.0

'K(4,4)=-4.0%K(3,4) #2.0/ (3.0%ARE)
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1197 0031 // - K(4,5)=K(3,4)*EL/ (6. O*SHA)

1198 0032 K(4,6)=0.0

1199 0033 K(4,7)=-K(2,4)

1200 0034 - K(4,8)=K(3,4)

1201 0035 K(4,9)=<K(4,4) /4.0

1202 ° 0036 ‘ K(4,10)=-K(4,5) "

1203 0037 . K(5,5)=K{(2,5) *EL*%2/ (12, 0*SMA) +2 . *xEMO*EL/ (15. *SMA) S
1204 0038 K(5,6)=0.0 : <:
1205 0039 K(5,7)=-¥(2,5)

1206 0040 K(5,8)=-K(3,10)

1207 0041 K(5,9)=K(4,5)

1208 0042 ' K(5,10)=-K (2, 5)*EL**2/(12 0%SMA) EMO*EL/(BO 0*SMA)
1209 - 0043 - K(6,6)=K(1,1)

1210 0044 "~ K(6,7)=0.0

1211 0045 K(6,8)=0.0

1212 0046 K(6,9)=0.0 . . ' "

1213 0047 K(6,10)=0.0 -

1214 0048 - K(7,7)=K(2,2)

1215 0049 K(7,8)=-K(2,3)

1216 0050 K(7,9)=K(4,7)

1217 0051 K(7,10)=K(2,5)

1218 0052, K(8,8)=K(3,3) .

1219. 0053 - K(8,9)=K(3,4)

1220 0054 . K(8,10)==K(3,5)

1221 0055 K(9,9)=K(4,4) 9

1222 0056 , K(9,10)=K(4,10) | S o ,
1223 0057 K(10,10)=K(5,5) , o ' :
1224 0058 DO 10 I=2,10 '

1225 0059 S N=I-1

1226 0060 DO 10 J=1,N .

1227 0061 10 K(1,3)=K(3,1I)

1228 0062 . . RETURN

1229 0063 'END-

1230 C

1231 BN oo

7232 cce Subroutine to create Timoshenko beam (beam-truss)

. 1233 CCC - element (TM544) stiffness matrix (for' column)

11234 cc

1235 c '

1236 0001 SUBROUTINE KCTMCN (EL, GKA,ARE, EMO, SMA,K)

1237 . 0002 REAL*8 K(10,10),EL,GKA,ARE,SHA, EMO

1238 - 0003 K(1,1)=1.2%GKA/EL

1239 0004 " K(@(1,2)=0.0

1240 - 0005 K(1,3)=-0.6%GKA

1241 "0006 - K(1,4)=0.1%GKA/ARE

1242 0007: - K(1,5)==0.1*GKA*EL/SMA

1243 0008 T KG,6)=-K(1,1) '

1244 0009 'K€1;7)=o 0

1245 0010 K(1,8)=K(1,3)

1246 0011 K(1,9)=K(1,4)

1247 «, 0012 , K(1,10)=-K(1%5)

1248 0013 K(2,2) =RRE*EMO/EL -

B e e i
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K(2,3)=0.0
K(2,4)=0.0
K(2,5)=0.0
K(2,6)=0.0
K(2,7)=-K(2,2)

k(2,8)=0.0

K(2,9)=0.0 , (/TQ
K(2,10)=0.0 oA

- K(3,3)=-K(1,3 )*EL/2\0+6 O*EMO*SMA/(S O*EL)

K(3,4)=-K(1,4)*EL/2.0

K(3, 5)=—K(1,5)*EL/2.0+EMO/10.0
K(3,6)=-x(1,3)- .

K(3,7)=0.0

K(3,8)=K(3,6) *EL/2.0-6. O*EMO*SMA/ (5. 0*EL)
K(3,9)=K(3,4)

K(3,10)=K(1, 5)*EL/2 O+EMO/10.0

K(4,8)=-4, o*x(3 4)*2.0/ (3.0*ARE).
K(4,5)=K(3,4)*EL/ (6.0*SMA) .
K(4, 6)=,K(1,4)

x(4,7)-o.o p
K(4,8)=K(3,4)

Doy K(4,9)=-K(4,4) /4.0
% K(4,10)=-K (4,5)
K(5,5)=-k(1, 5)*EL**2/(12 O*SMA)+ 4*EMO*EL/ (3,*SMA)

K(5,6)=-K(1,5)

K(5,7)=0.0

K(5,8)=-K(3, 10) ’ -
K(5,9)=K(4,5)

K(5,10)=K(1,5) *EL**2/ (12, O*SMA) EMO*EL/(3O 0*SMA)
K(6,6)=K(1,1) ‘

K(6,7)=0.0

K(6,8)-—K(1,3)

K(6,9)=-K(1,4)

K(6,10)=K(1,5)

K(7,7)=K(2,2) . ‘ - 0
K(7,8)=0.0"

‘K(7,9)=0.0 s

K(7,10)=0.0
K(8,8)=K(3,3) !

L K(8,9)=K(3,4)

10

cc

K(8,10)=-K(3,5) .
K(9,9)=K (4, 4) . s
K(9,10) =K (4, 10)
K(10,10)=K(5,5)
DO 10 I=2,10 -
N=I-1 . 3
DO 10.J=1,N Ay S
K(I,3)=K(J,I)-- :
RETURN - .
END

y- .
L TR
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:0035¢’“
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cce
ccce

cc

0038 =

0039 .
.( 0040 -

0041

|-

. 0042

#0043

0044
0045
0046
0047

0048

 d
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Subroutine to create Timoshenko beam element

(TM544) consistent mass matrix (for peam)

.3‘

SUBROUTINE MCTMBM (EL,ARE,SMA,RHO, ¥)
REAL*8 M(1Q, 10) ,EL,ARE, SMA,RHO

M (1, 1) =RHO*ARE*EL/3. 0 .
M(1,2)-o.o

-M(1,3)=0.0

M&1,4)=0.0
u{1,5)=0.0 -
M(1,6)=M(1,1)/2.o
M(1,7)=0.0

M(1,8)=0.0

M(1,9)=0.0

M(1,10)=0.0
M(2,2)=RHO*ARE*EL*13/35. _
M(2,3) =RHO%*ARE*EL* “~17/7R0.0 -
M(2,4)=-M(2,3) %44/ (51*ARE)
¥(2,5)=M(2,3) *EL*7, (1oz*suA)

- ¥(2,6)=0.0 _ . C
M (2,7)=H(2,2) #9/26.¢ 2

M(2,8)=-¥(2,3)%11/17.0

"M(2,9)=-M(2,4)*13/22.0

M(2,10)=x(2,5)

M(3,3)=M(2,3)*EL/4. 5+13*RHO*SMA*EL/35
M(3,4)=M(2,4)*19%EL/88.0"

M(3; 5)=M(2 5)*EL*11/42 +11*RHO*EL**2/21O

- ¥(3,'6)=0.0 L

¥(3,7)=-x(2,8) .

¥(3,8)=-K(2, 3)*EL*28/753 +9*RHO*SMA*EL/70.
" M(3,9)=-4(3,4)*45/57.0 L
, M(3,1o)-n(2 5) *EL*11/42, —13*RHO*EL**2/420.

M (4, 4)--M(3 4) *16/ (19%ARE) P
M(4,5)=-K(2, 5)*9*EL/(42*ARE) o
M(4,6)=0.0 l oo
M(4,7)=K(2, 4)*13/22 0
M(4,8)=M(3:9) '
M(4,9)=-M(4, 4)*3/4.0

¥ (4, 10)=M(4,5) gt
¥ (5,5) =-u(a, 5)*(EL*ARE/(9*SMA)+32/(3*EL))

¥(5,6)=0.0 * Lt |
*¥(5,7)=K(2,5) e T G
M(5,8)=-M(3,10) - S T o

M(5,9)=-¥(4,10) i ’

(5, 10)=M(5,9) * (EL*ARE/ (9%SMA) -8/EL)
M(6,6)=M(1,1) ,
u(6,7)=0.0 .. ' =

(6,8)=0.0 , - - e

¥(6,9)=0.0 - - -
¥(6,10)%0.0 : .

- u(7, 7) =M(2,2) .
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1370
13717
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1376

1377
1378
1379

1380
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1382
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1386
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1394,
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- 1398

13989
00

' .401
1402

1403

- 14047

0001

0002
0003
0004
0005
0006

0007’
. 0008

0009
0010
0011
0012
0013
0014
0015
0016
00i7-
0018

0019
0020

0021
0022
0023
0024
0025.
0026
0027
002g
0029

“0030

0031

.iDW.

cc

M(7,8)=-M(2,3)
¥(7,9)=-M(2,4)
M(7,10)=M(2,5)
¥(8,8)=M(3,3)

" M(8,9)=M(3,4)

4

e

M(8,10)=-K(3:5)
M(9.9)=M(4,4)

M(310)=M(5,9)
# (105, 10)=M(5,5)

*BO 10 I=2,10

ccc.
ccce

cc

«

N=Ig1

DO 10 J=1,
M(I,J)=M(J,I)

RETURN

END

R
v T

Subroutine}fbféreapé’Timosnehko beam element
(TM544) corsistent mass matrix (for column)

SUBROUTINE MCTMCN (EL,ARE, SMA,RHO,M)
REAL*8 ¥ (10, 10) ,EL,ARE, SMA, RHO

M1, 1)=RHO*ARE*EL*13/35 o}
M(1,2)=0:0

M(1,3 )=—RHO*ARE*EL**2*17/280 0

h",4)--M(1,3)*44/(51*ARE)
M 5)=M(1,3)*EL*7/(1024SMA)
M(1,8) u(1 1)*9/@5;0

M(1, 7)-0 o

M(1,8)=~M(1,3)%11/17.0

o

M(1,9)=-M(1,4)*13/22.0
¥(1, 10)'M(1 5) - i
M(2, 2)=RH0*ARE*EL/3 0
M(2,3)=0.0" B
M(2,4)=0.0 _ -8
u(2,5)=0.0
M(2,6)=0.0 .
#(2,D=M(2;2)/2.0

~«1K2 8)=0.0

¥(2,9)=0.0".
M(2,10)=0.0"

M(3,3)=-M(1,3)*EL/4. 5+13*RHO*SMA*EL/35

M(3,4)=-M(1,4)*19*%EL/88.0

3

M(3,5)=-M(1,5)*EL*11/42. +11*RHO*EL**2/21O

¥(3,6)=-M(1,8)

JM(3,7)=0.0

M (3,8)=M(1,
(3, 9)——M(3 4)*45/57.0

3) *EL*28/153. +9*RHO*SMA*EL/70

»(3, 10)=-M(T 5)%EL*11/42. -13*RHO*EL**2/420.

(4,4)=-M(3,4) %16/ (19*ARE)
M (4, 5)=n(1,5)*9*EL/(42*ARE)

&

R\ " !
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U

2

+

<

1405

1406 -

1407

i 10.9
1410
1411
1412
1413
1414
1415
1416
1417
1418
1419
1420
1421
1422
1477
1424
1425
1426
1427
1428
1429
1430
1431
1432
1432
1434
1435

1436 ™

1437 .

1438

1439

¢ 1440
1441
1442
1443
1444

1445

1446

1447,

1448
1449

1450

1451
1452
1453
1454

1455

1456

0032

0033
0034
0035
0036
0037
0038
0039

0040’

0041
0042
0043
0044
0045
0046
0047
0048
0049
0050
0051
0052
0053
0054

0055

0056
0057

‘0058

0058
0060

-0061 &
0062 .
0063

0001
0002
0003
0004
0005

0006.

0007

0008 -
0009 :
0010 -~

0011
0812

> 0013,

0014

cc
ccce
cce
cC

20

- 15

10

M(4,6)=M"1 4A)*12,.2.0

M(4,7)
M(4,8)
M(4,9)
M(4,10

K(5,5)=-M(4, 5)*(EL*ARE/(9*SMA)+32/(3*EL))

M(5,6)

M(5,7)

=J.0
=M (3,9)

s

): 2)

=M(1,5)
=0.,0

*3/4.0

M(5,8)=-M(3,10)
M(5,9)=-¥M(4,10)

M(5,10) =M (5,9) * (EL*ARE/ (9*SMA) -8/EL)

¥(6,6)
M(6,7)
M(6,8)
¥(6,9)
M(6,10
M(7,7)
¥(7,8)
M(7,9)
M(7,10
M(8,8)
M(8,9)

=M (1,1)
=0.0
=-M(1,3)
=_M(1;4)
)=M(1,5)
=M(2,2)
=0.0
=0.0
)=0.0
=X (3,3)
=M (3,4)

¥(8,10)=-M(3,5)

M(9,9)
M(9,10

DO 10

=M (4, 4)

)=M(5,9)
¥ (10,10)=H(5, 5)

I=2,10

N=I-

DO

RETURN
END

2z
Subroutlne to assemble element™ matrlces into @

global

SUBROUTINE ASSZW(EMAT NK, IE NE IR, GMAT, NSQRT)

10 J=1,N

M(I,D=K(J,1)

ones

)

N

Y

REAL*8 EMAT (IE, IE), GMAT(IR IR)
INTEGER NSORT (NE, IE)

DO 10
Do

If1,IE
15 J=1,1

E.

N1=NSORT (NK, I)
N2=NSORT (NK, J)

IF((N1

.GT.

IR)

+OR.

(N2 .GT.

154

“'»‘{%ﬁ«
‘Nﬁﬁgm

o

Y

“~

IR)) GO TO 20

GMAT (N1, N2)=GHAT(N1 N2)+EHAT(I J)

CONTINUE

CONTINUE
CONTINUE
RETURN

END

-~
13

-

yid
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1457
1458
1459
1460
1461
1462
1463
1464
1465

467
1468

1469

1470
1471
1472
1473

1474

1475
1476
1477
1478
1479
1480
1481

" 1482

1483
1484
1485
1486
1487
1488
1489
1490
1491
1492
1493
1494
1495
1496

1497 °

1498
1499
1500
1501
1502
1503
1504

1505
1506

1507
1508

0001

0002
0003
0004

0005
0006
0007
0008
0009
0010
0011
0012

0013

0014
0015
0016

0017

0018

0019
0020

0021

0022
0023
0024
0025
0026
0027
0028

0029
0030

0031

0032
0033
0034
0035
0036
0037

0038

cC
CccC
Cccc |
ccc
ccc
cc

&

\

’ - 4“-.\4‘
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Subroutine FORCE to calculate components (in X and
and Y directions) of dynamic oil-film forces in
in journal bearing. S/r uses 4th order Runge-Kutta
method to solve equations of -journal centre motion

SUBROUTINE FORCE (T, DX, IP9TA,EPS,PSI, VEP, VPS, QMR,
OMI,MAR,WT,MC, ME, PAR TX,PX,PY,OMT,OMS,OMA)

REAL*8 T,DX,TA,EPS,PSI,VEP,VPS,OMR,OMI,OHNT,ONS, OMA
REAL*8 TX(IP) PX(IP) PY(IP) WT,MC,ME,P1,P2
REAL#8 AK,AL,AM,AN,GK,GL,GM,GN,S1, S2,83,54

CALL ROTTSA (MAR,T,OMI,OMR,TA,OMT,OMS,OMA) .
IPM1=IP-1 ' -
DO 10 J=1,IPM1 '
CALL BF(PAR EPS, VEP, VPS,ONS,P1,P2)’ o
TX(J) =T .
PX (J)=- (P1*DSIN(PSI) +P24DCOS (PSI))
PY (J) =P1%*DCOS (PSI) -P2#DSIN (PSI) +WT
S1=EPS
S2=PSI " S
S3=VEP ‘ .E,
S4=VPS , ]
CALL;RKA(Dx,P1,pz,WT,ME,MC,EPS;Psxﬂﬁgk,vps,onT,
OMS,OMA, AK, AL, RM,AN)
GK=AK ’ ‘
GL=AL
GM=AM
GN=AN o=
EPS=S1+AM/2.0D+00
PSI=S2+AN/2.0D+00
VEP=S3+AK/2,0D+00 _ oo *
VPS=S4+AL/2.0D+00 '
T=T+DX/2.0D+00 :
CALL ROTTSA(MAR,T,OMI,OMR,TA,OMT,OMS OMA)
CALL BF(PAR,EPS,VEP,VPS,OMS,P1 P2) )
CALL RKA(DX,P1,P2,WT,ME,MC,EPS,PSI,VEP,VPS,OMT,
- OMS,OMA,AK,AL,AM,AN)
- "GK=GK+AK*2,0D+00 _
" GL=GL+AL*2.0D+00 G LT
GM=GM+AM*2, OD+00
GN=GN+AN*2.,0D+00 _ -
EPS=S1+AM/2.,0D+00 - :
PSI=S52+AN/2.0D+00
VEP=S3+AK/2.0D+00
VPS=S4+AL/2.0D+00 e
CALL BF (PAR,EPS,VEP,VPS,0MS,P1,P2)
CALL RKA(DX,P1,P2,WT,ME,MC,EPS,PSI, VEP, vps OMT
» OMS,OMA,AK,AL,AM AN) :

e
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[

O

1509 0039
1510 0040
1511 0041

1512 . 0042
1513 0043
1514 0044

1515 0045
1516 0046
1517 047
1518 048
1519 . 0049
1520 0050
1521
1522 0051
1523 0052
1524 0053

1525 0054
1526 0055
1527 0056
1528 0057
1529 0058
1530 0059
1531, 0060
1532 0061
1533 740062
1534

1535

1536

1537

1538

15399

1540

15471 0001
1542

Y1543

T
‘1544 0002
1545 0003
-5 1546

15@7'f - 0004
}154g-r 0005
1538* - 0006

1550 0007~

551 - 0008

. j¥s2 ?ooog
1553 . 0010

1554

1556

1557 0012

1558 0013
1559 0014
1560 - 0015

1555 . 0011

-

3
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GK=GK+AK#2.0D+00

GL=GL+AL*2,0D+00

GM=GM+AM*2 . 0D+00

GN=GN+AN*2.0D+00

EPS=S1+AM

PSI=S2+AN

VEP=S3+AK

VPS=S4+AL

T=T+DX/2.0D+00

CALL RQTTSA(MAR,T,OMI,OMR,TA,OMT,OMS,OMA)
cALL HEFPAR,Hps, VEP, vBS, 0N, P1,P2) |
CALL RKA(DX,P1,P2,WT,ME,MC,EPS,PSI, VEP, VPS bMT,

& OMS,OMA,AK, AL, AN, AN)

EPS=S1+(GM+AM)/6 0D+00
pSI=52+ (GN+AN) /6.0D+00
VER=S3+ (GK+AK) /6.0D+00
VPS=S4+ (GL+AL) /6.0D+00

’

10 CONTINUE

cc
cce
cce
ce

cc -

CALL BF (PAR,EPS,VEP,VPS,OMS,P1,P2)
J=IP

TX(J) =T

PX(J)=- (P1#DSIN(PSI)+P2*DCOS (PSI))
PY(J)=P1*DCOS(PSI) ~P2%DSIN(PSI)+WT
RETURN

END

Subroutine RKA (Runge-Kutta 4th order) to ci#tcula-

" te increments in displacements and velocities at
each time step

\
SUBROUTINE RKA(DX,P1,P2,WT,ME,NC,EPS,PSI,VEP,VPS,
& _ OMT,OMS,OMA, AK, AL, AM, AN)

REAL*8 DX,P1,P2,WT,ME,NC,EPS,PSI,VEP, VPS,OMT, OMS
REAL*B.OMA,A,SP,CP,SA,CA?TW,AK,AL,AM,AN

/‘:‘;
[

*v A=OMT-PSI

IS

K?,

ki

SP=DSIN (PSI)

CTP=DCOS (PSI)

'SA=DSIN (&)

. Ch= DCOS (a)

STW=2,0D+00"
hx-nx*((P1+WT*cp+ME*0Ms**2*CA+ME*0MA*SA)/Mc+EPs*

T4 VPSHAD).

alfqu(épz WT*SP+ME*OMS**2*SA ME*OMA*CA) /MC-VEP*

+ - VPS*TW) /EPS

AM=DX*VEP
AN=DX*VPS o

RETURN _ ’
END

@
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1561
1562
1563
1564
1565
1566
1567
1568
1569

1570 -

1571
1572
1573
1574
1575
1576

1577 -
1578

1579
1580
1581
1582
1583
1584

1585

1586
1587

1588 -

1589
1590

.1591

1592

- 1593

1594
1595
1596
1587

1598,
1599 -

1600
1601
1602
1603
1604
1605
1606
1607
1608
1609
1610
1611
1612

0001

0002

0003

0004

0005

0006
0007
0008
0008
0010
0011
0012
0013
0014
0015

0001
0002
0003

0004
0005 *

0006
0007
0008

0009

0010
0011
0012
0013
0014
0015

0001
0002
0003

cc
Cccc
CCC
cc

cc

cce

cce
cc

cc
ccc

ccc -

ccC
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X Subroutine BF to calcula.te bearing dynamic forces

(in polar coordinates) at each time subinterval

SUBROUTINE BF(PAR,EPS,VEP,VPS,OMS,P1,P2)
REAL*8 PAR,EPS,VEP,VPS,0OMS,P1,DP2
REAL*8 E2,EB,OB,EB2,EBS,PI,TW,A

PI=3.141592654D+00
TW=2.0D+00

E2=EPS*EPS

EB=1.0D+00-E2

OB=0OMS-VPS*TW

EB2=EB*EB

A=PBRR/EB2 , - - .
EBS=EB**0.5

P1=-A%x (PI* (1, OD+00*E2*TW)*VEP/EBS+OB*E2*TW)
2=A*(EPS*VEP*TW*TW+OB*PIREPS*EBS/TW)

RETURN

END

-

Subroutine ‘ROTTSA 'ﬁcalculate rotor angular
travel, speed and a<c leration

% ‘ el
SUBROUTINE ROTTSA (MAR,T,OMI,OMR, TA,OMT, OMS, OMA)
REAL*8 T,OMI,OMR,TA,OMT,OMS,OMA, A,TX
IF(MAR .EQ. 2) GO TO 2

IF(MAR .EQ. 3) GO TO 3 .
A= (OMR-OMI) /TA =
TX=T/TA

OMA=A%* (1.0D+00~TX) *2, 0D+00

. OMS=RA*T* (2.0D+00-TX) +OMI

OMT=A*T*%2* (1.0D+00-TX/3. OD+OO)+OMI*T
RETURN

OMA=0.0D+00

OMS=0OMR

OMT=QOMR*T~ (OMR-OMI) *TA/3.0D+00

RETURN

END

‘Subroutine SPLINT to integrate dléérete functions,

uSLngACUch spllne method

'SUBROUTINE SPLINT(N,DX,X,Y,B,C, F1,F2,F3)

REAL*8 DX,X(¥), Y(N) B(N), C(N) F1,F2,F3,SUM1,SUM2,T
NM1=N-1




1613 0p04
1614 0005
1615 0006
1616 0007
1617 0008
1618 0009

1619 0010

1620 ~ 001t

1621 00f2
o 1622 0013
1623 0014

1624  0015.

1625 0016
1626 do17
1627 0018

;3628‘ 0019

"629 0020
1630 0021
1631, 0022
‘1632 50023
© 1633 0024
‘11634 0025
' 1635 0026

£ . 1636 0027
2 1637 - 0028
T 1638 0029
z #1639 0030
E 1640. 0031
£ 1641 0032

1642 0033
1643 0034
1644 0035

1645 0036 -

1646 0037
1647 0038
1648 0039
11649 10040
1650 - 0041
. 1651 . 0042
AV 1652 0043
- 1653 0044
1654 0045
1655
1656
1657
1b58
1659
1660
1661
1662 0001
1663
' . 1664

v
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)

K=
X (1) =0, OD+OO
DO 1 I=2,N
X(1)=X(1-1)+DX
c(@)=((@)-¥(1)) /DX
DO 10 I=2,NM1 )
B (I)=DX*4.0D+00
c(I+1)=(y(1+1)-Y (1)) /DX
c(1)=c(1+1)-c(1)

- B(1)=-DX

15-

20

30

B(N) =-DX

C(1)=0.0D+00

C(N)=0.0D+00

IF(N .EQ. 3) GO TO 15

c(1)=(c(3)~-c(2))/(DX+*2.0D+00)

c(N)=(c(N-1)-c(N-2))+/ (DX*2.0D+00)

c(1)=C(1)*DX/3.0D+00 .

C(N)=-Cc(N)*DX/3. OD+OO

DO 20 I=2,N e ,
T-DX/B(I-1) o o
B (E}&E (1) - T*DX* ' &
c(I)=c(1)-T*c (1~ 1)v¢

c(N)=c(N) /B(N) -

DO 30 IB=1,NM1 -

I=N-1IB

c(I)=(c(1)- Dx*c(1+1))/B(1)

'SUM1=0.0D+00

" SUM2=0.0D+00

40

e}
3

DO. 40 I=1,NM1
SUM1=SUM1+Y (I)+Y (I+1)
SUM2=SUM2+C (1) +C(I+1) _
T= (SUM 1~SUM2*DX**2/2, 0D+00) *DX/2.0D+00
"IF(K .EQ. 1) Fi=T
IF(K .EQ. 2) F2=T . oo
IF(K .EQ. 3) F3=T '/
DO_50 I=1,N . ’ ‘
Y (1) =Y (1) *X(1)
K=K+ 1 . v
IF(K .EQ. 4) GO TO 6
GO TO 5 .
RETURN : .

iy
-

- - END

cc

ccc
ccc
ce

cee

Subroutine to calculate components of load.vector.
Subroutine uses 4- point Gaussian quadrature to
evaluate integrals.

' SUBROUTINE LOADYB(MAR,T,DT,TR,MR,OMR,OMI,ECC,TG,HG
+ A ,F1,F2,F3)

}“
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REAL*8 T,DT,TA,MR,OMR,OHI,ECC,TG(4):HG(4),F1,F2,F3
REAL*8 TX,OMT,OMS,OMA,FX,A,X,XT

F1=0.0D+00
F2=0.0D+00 °
F3=0.0D+00

IF(MAR .EQ. 2) GO TO 2
I¥(MAR .EQ. 3) GO TO 3

‘2~ (OMR~OMI) /TA

DO 10 I=1,4
TX=DT* (TG (I)+1.0D+00) /2.0D+00
X=T+TX
XT=X/TA
OMT=A*X*%2%* (1.0D+00-XT/3. OD+OO)+ MI*X
OMS=A#*X (2.0D+00-XT) +OMI 3
OMA=A+ (1.0D+00-XT) *2.0D+00
FX=—MR*ECC*(OMS**2*DCOS(OMT)+OMA*DSIN(OMT))
F1=F1+HG (I) *FX
F2=F2+HG (I) *TX*FX .
F3=F3+HG(I)*TX**2*FX ' .
GO TO 4
A= (OMR-OMI) *TA/3. 0D+OO
DO 20 I=1,4
TX-DT*(TG(I)+1.0D+OO)/2.0D+OO
X=T+TX
OMT=OMR*X—A
Fx-—MR*ECC*OMR**2*DCOS(OMT)
F1=F1+HG (I) *FX ) oo
F2=F2+HG (I) #*TX*FX © A
F3=F3+HG (I) *TX**2*FX -
CONTINUE
A=DT/2.0D+00 v
F1=F1%Aa
F2=F2%A
F3=F3%Aa
RETURN
END

R oy



