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In prior work perturbation methodology was done to describe the behavior of 
lightly loaded bearings or seals. 
algorithms and to show the algorithm of the fluid inertia effect. 

This paper takes up the much more complex behavior of cylindrical bearings 
and seals that are statically loaded to eccentricities in excess of 0.7. 
stiffness algorithms as a function of static load are developed from perturbation 
methodology by empirical modeling. 

This work helped to clarify the stiffness 

The 

INTRODUCTION 

In prior papers by the authors C1-31 perturbation methodology was emplayed to 
study the behavior of lightly loaded seals and bearings. 

Most studies of rotor instability mechanisms caused by fluid (liquid, steam, or 
gas) forces, and studies o f  the behavior of squeeze film dampers have been to 
measure, by theory and/or by experiment, the beari ng/seal dynamic stiffness 
characteristics. 
by imbalance at rotative speed or by static loading with the rotor at its 
operational speed has been applied. Such examination is perfectly valid, 
however, the data o f  the direct and cross stiffness terms are limited to those 
two data points, instead of across a wide range of perturbation speeds. 
of this, much needed data is not known. 

To this effect, most often the perturbation technique, either 

Because 

Examination of the direct and quadrature dynamic stiffness characteristics of a 
rotor system when it is at its operating speed and conditions, is best accomplished 
by sinusoidal perturbation across the range of speeds where the dynamic stiffness 
terms are desired. 
precession rate (usually 40 to 50% o f  rotative speed in an uncontrolled seal or 

Generally, these are in the range o f  (a) the average fluid 
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bearing), o r  (b) i n  the region o f  the s e l f  balance resonances (usually the f i r s t  

one, and usual ly below operating speed). 

I n  some studies o f  r o t o r  systems, such as i d e n t i f y i n g  a resonance above maximum 

operating speed, the perturbat ion method i s  eas i l y  employed t o  exc i te  the r o t o r  

t o  obtain t h i s  data t h a t  i s  otherwise very d i f f i c u l t  o r  uncertain, o r  avai lable 

only from calculat ion.  

For another example, the study o f  the frequency s h i f t  o f  the forward and reverse 

resoriances due t o  gyroscopic e f fec ts  o f  ro to rs  as a funct ion o f  r o t a t i v e  speed, 

the perturbat ion methodology produces excel lent  resul ts.  For such a study, the 
r o t o r  i s  perturbed by c i r c u l a r  perturbation, both forward ( i n  d i rec t i on  o f  sha f t  

ro ta t ion) ,  and i n  reverse ( i n  opposite d i rec t i on  o f  sha f t  ro ta t ion)  f o r  each 

r o t a t i v e  speed o f  the r o t o r  system o f  in te res t .  

Perturbation methodology i s  also o f  great assistance i n  the many faceted studies 

o f  f u l l  and p a r t i a l  rub mechanisms o f  a r o t o r  system. 

NOTATION 

KD 

KQ 

KQY 
Kext x 

Kext y 

DX 

DY 

MF 

KDX 
KDY 

K 
QX 

D 

M 

MFX 

MFY 
WR 
wP 

Di rec t  dynamic s t i f f n e s s  ( if symmetric) 

D i rec t  dynamic s t i f f n e s s  (X axis)  

D i rec t  dynamic s t i f f n e s s  (Y axis)  

Quadrature dynamic s t i f f n e s s  ( i f  symmetric) 

Quadrature dynamic s t i f f ness  (X axis) 

Quadrature dynamic s t i f f n e s s  (Y axis) 

External spr ing  c o e f f i c i e n t  (X axis)  

External spring c o e f f i c i e n t  (Y axis) 

Bearing Damping c o e f f i c i e n t  ( i f  symmetric) 

Bearing Damping c o e f f i c i e n t  (X axis) 

Bearing Damping c o e f f i c i e n t  (Y axis) 

Rotor e f f e c t i v e  mass 

Bearing f l u i d  i n e r t i a  c o e f f i c i e n t  ( i f  symmetric) 
Bearing f l u i d  i n e r t i a  c o e f f i c i e n t  (X axis) 

Bearing f l u i d  i n e r t i a  c o e f f i c i e n t  (Y axis) 

Rotor r o t a t i v e  speed 

Perturbation speed (+fwd, -rev) 

1 bs/ i  nch 

1 bs/ i  nch 

1 bs/ i  nch 

1 bs / i  nch 

1 bs/ i  nch 

1 bs/ i  nch 

lbs/ inch 

1 bs / i  nch 

l b  sec/inch 

l b  sec/inch 

l b  sec/inch 

l b  sec2/inch 
l b  sec2/inch 
l b  sec2/inch 

l b  sec2/inch 

rad/sec 

rad/sec 
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A 

rl 
WU 

Mu 

Ru 

P 
A 

- - FX 

FY 
t 

Ratio o f  average f l u i d  s w i r l i n g  v e l o c i t y  
d iv ided by r o t a t i v e  speed 

O i l  v i scos i t y  

Per turbat ion imbalance 

Perturbation imbalance mass 

Per turbat ion imbalance rad ius 

S t a t i c  load on r o t o r  

Angle of app l ica t ion  o f  the  s t a t i c  load P measured i n  
d i r e c t i o n  o f  sha f t  r o t a t i o n  from v e r t i c a l  

Force vector i n  X d i r e c t i o n  

Force vector i n  y d i r e c t i o n  

Time 

J-iL 

----- 

cent ipo ise 

grams 

l b  sec2/inch 

inches 

l b s  

degrees 

l b s  

l b s  

seconds 
----- 

H I  STORY 

For several years the authors bel ieved t h a t  Ed Hu l l  [4-61 d i d  the f i r s t  

pub1 ished (and some unpubl i shed) experiments, o f  per tu rb ing  a r o t o r  system 

across a frequency range ( a t  other than synchronous o r  steady s tate)  i n  1955, 

bu t  recent ly  found a reference i n  Paul Trumpler's book [7], t o  Stone and 

Underwood 181, dat ing  the  methodology back t o  1947, so i t  i s  poss ib le  t h a t  other 

e a r l i e r  work ex is ts .  

Even though these researchers showed the  resu l tan t  amplitude and phase o f  the 
per tu rba t ion  co r rec t l y ,  ne i ther  took the next step o f  d i v i d i n g  the input  force 

vectors by the motion vectors t o  obta in  the  d i r e c t  and quadrature dynamic 

s t i f fnesses.  However, both researchers d i d  b r i l l i a n t  work i n  obta in ing vector 

motion measurements considering the  extremely crude e lec t ron ics  t o o l s  t h a t  were 

ava i lab le  t o  them a t  the time they d i d  t h e i r  work. 

APPLICATION OF PERTURBATION METHODS I N  ROTATING MACHINERY 

To inpu t  a per tu rba t ion  o f  e i t h e r  motion o r  force t o  a mechanical system, a wide 

v a r i e t y  o f  methods may be employed, such as impulse, step white noise, square 

waves and so fo r th .  
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However, when the direct and quadrature dynamic stiffness coefficients of a 
rotating machine are desired, then the perturbation forcing method tecomes highly 
restricted. 
accuracy of phase and amplitude of both the force (perturbation by force) as well 
as the motion (perturbation by motion). 

It is necessary to use continuous sinusoidal perturbation with high 

There is a free choice of driving the system with either a known motion vector and 
observing the resultant force vectors, or driving the system with a known force 
vector and observing the motion. However, it is extremely difficult to build a 
test system to drive a known input motion, and relatively easy to build a system 
with a known input perturbation force. 
response motion vectors than to measure response force vectors. As a result, the 
authors chose to input with a known amplitude and phase a sinusoidal perturbation 
force, and observe the response motion vectors. 
test a real rotor system as well as a laboratory experiment. 
the data is equally difficult with either method. 

Further it is much easier to measure 

This methodology may be used to 
The reduction of 

There also appears to be a free choice of whether to apply the perturbation force 
to the rotor casing or directly on to the shaft. 
perturb the shaft as close as possible to the bearing or seal under test in order 
to eliminate or minimize the possible errors introduced by the complexities o f  

any other method. 

The authors chose to directly 

Since two degrees of freedom o f  the rotor motion are involved, there t’s one more 
vital consideration of the sinusoidal perturbation forcing input: (1) it may be 
in one radial axis, such as vertical (2) it may be circular forward, or circular 
reverse, or (3) it may be somewhere between these, specifically an ellipse with 
forward or reverse characteristics. 

When gyroscopic effects are the subject of study, it is obvious that circular 
perturbation force must be employed, as any other force (elliptical or 
unidirectional), contains a mixture of forward and reverse components. 
forward circular perturbation yields the forward resonances clearly, and only 
reverse circular perturbation yields the backwards resonances clearly. 

Only 

The ideal perturbation system when the dynamic stiffnesses are not symmetric 
is to maintain a resultant perturbation motion of circular nature. This may 
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be achieved using Adams’ method [9] which is to introduce a circular perturbation 
motion or else to adjust the amplitude and phase of the input perturbatjon force 
to obtain a circular motion response. 
dynamic stiffness terms, but both are very difficult to accomplish. 
the studies in this report were done with circular sinusoidal foward and reverse 
input perturbation force, as in previous studies [SI. 

Both methods yield directly reducible 
As a result, 

LABORATORY STUDY OF STABILITY CHARACTERISTICS OF A 360° LUBRICATED 
CYLINDRICAL BEARING AS A FUNCTION OF STATIC LOAD, ROTATIVE SPEED, 

OIL SUPPLY PRESSURE, AND VISCOSITY 

The experimental rotor set-up for the bearing/seal perturbation test is shown in 
Figures 1 and 2. 

In previous experiments, the authors studied the direct and quadrature stiffness 
terms of the same bearing and same rotor configuration for light preloads. 
the present study, the constant preload was varied from 0 to 32 lbs., (increasing 
by 4 lbs at each sequence of tests) in order to observe the behavior of the 
dynamic stiffness terms when the oil film is broken (or partially broken) in the 
negative pressure region of the bearing. 
400, 500 and 600 rad/sec were employed with ci rcul ar perturbation frequencies 
from - (reverse) 400 rad/sec to + (forward) 400 rad/sec. 
studies were with a constant perturbation imbalance weight of 28 grams, and with 
a constant oil supply pressure of 5 psi. 
pressure was raised to 20 psi, with results shown in Figure 5. 
held a oil outlet constant at 65O, 90°F, and 130OF. T-10 turbine oil was 
employed for all data. 

In 

Rotative speeds of 0, 100, 200, 300, 

The’ bulk of these 

At the end of the tests, the oil 
Temperature was 

For zero, or light loads and symmetric rotor, the vertical and horizontal force 
a1 gori thms are: 

- 
Eq. (2) FX=[Kext+jWpD(-hWR-~R)2]~- j[hRD]y and since 

Eq. (3) R=jg because the resultant orbit are circular, equations 1 and 2 
reduce to: 
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The dynamic stiffness vectors are: 

- 
Eq. (6) Ky=KD+jK =p /y' Q Y  

- 
Eq. (7) KX=KD+ jKQ=Fx/Z 

with the result that for a symmetrical, lightly loaded 360° 
lubricated bearing, or a lightly loaded seal it becomes: 

Eq. (8) KD=Kext-~P2M-(hWR-~p)2MF Direct Dynamic Stiffness 

Eq. (9) IC =(w -Au, )D Quadrature Dynamic Stiffness Q P R  

More detailed deviation of the above relationships can be found in the 
publications [1-3]. 

It may be noted that direct dynamic stiffness versus perturbation speed is parabola 
and offset from zero speed toward the average swirl speed of the oil (hwR), and 
that the quadrature term consists of a straight line with a value Qf zero at a 
perturbation speed of exactly wP=AwR (the traditional speed" of oil whirl). 
The quadrature term at zero frequency perturbation represents the famous 
tangential term, otherwise known as "aerodynamic cross coup1 in$' term, "cross 
coupled" spring coefficients As a matter o f  fact, this is 
the oil wedge support term o f  a cylindrical bearing, from the single action that 
the shaft must move sideways (at quadrature) a sufficient distance to create a 
constriction of the oil in order to form a pressure wedge 90° behind this 
constriction in order to support the load. (As such, a cylindrical bearing or 
seal is an elementary servomechanism with very poor stability control.) 

IIKyXll , etc. 

Static Load Study 

Before running the forward and reverse perturbation tests, a complete series of 
static loading tests were run across the variations of static load, static load 
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angle, v i scos i t y ,  and o i l  pressure wh i le  maintaining the r o t o r  constant 

operat ional  speed. A b r i e f  ma t r i x  summary o f  the r e s u l t s  o f  the  steady s t a t e  

de f l ec t i on  versus load t e s t s  are shown i n  Figures 3 ,  4 and 5. 

Since wp i s  zero and Kext is also zero f o r  these sets o f  tests ,  equations (8) 

and (9) reduce t o  the  fo l l ow ing  equations (10) and (11) f o r  the l i g h t l y  loaded 

condi t ion.  This extends from zero load t o  wherever the knee (an evident non- 

1 i n e a r i t y )  o f  the  s t a t i c  displacement occurs. 

(io) K ~ = - A ~ u ~ ~ M ~  S t a t i c  D i r e c t  S t i f f ness  

(12) K --hwRD S t a t i  c Quadrature S t i  f f ness Q- 

Clear ly ,  the  f l u i d i c  i n e r t i a  term, (-h2wR2MF), cont ro ls  the  d i r e c t  dynamic s t i f f n e s s ,  

and equal ly  c lea r l y ,  the  "cross spring" term, ( f l u i d  wedge support term -AwRD), 

cont ro ls  the quadrature s t i f f n e s s  i n  the  1 i g h t l y  loaded bearings. 

Since the wedge support term i s  formed by the  sha f t  moving sideways t o  the  s t a t i c  
load t o  form a r e s t r i c t i o n  t o  form the wedge support, the sha f t  de f l ec t i on  i s  

ahead of the s t a t i c  load angle by 90 degrees i n  the  d i r e c t i o n  o f  ro ta t i on .  

the d i r e c t  term Eq. (8) i s  ne t  negative, as i n  the above s i t u a t i o n  o f  the negative 

d i r e c t  spr ing e f f e c t  of f l u i d  i n e r t i a ,  then the  sha f t  a t t i t u d e  angle i s  i n  excess 

of 90 degrees. 

When 

Figure 3 shows the curves o f  a t t i t u d e  angle and e c c e n t r i c i t y  r a t i o  f o r  var ious 

pre load a t  temperatures 65OF, 90°F, and 1 3 O O F  o f  T-10 o i l .  

the a t t i t u d e  angle i s  h ighest  f o r  h ighest  v i s c o s i t y  a t  l i g h t  loads, bu t  t h a t  t h i s  
reverses a t  h igh  s t a t i c  preload. This i n f e r s  t h a t  f l u i d  i n e r t i a  i s  a func t ion  o f  

v iscos i ty ,  b u t  i t  is the  b e l i e f  o f  the authors t h a t  t h i s  re la t i onsh ip  i s  a 

secondary r e s u l t  o f  the  c o n t i n u i t y  o f  the  o i l  f i l m  i n  the negative pressure 

region. 

f i l m  i n  the negative pressure reg ion col lapses, o r  p a r t i a l l y  collapses, the f l u i d  

i n e r t i a  term i s  d r a s t i c a l l y  reduced. 

shown i n  the  graph. The v a r i a t i o n  a f  the  e c c e n t r i c i t y  r a t i o  and a t t i t u d e  angle 

as a func t ion  o f  r o t a t i v e  speed a t  constant o i l  temperature (90OF) and pressure 

(5 p s i )  i s  shown i n  Figure 4. 

It may be observed t h a t  

This graph (and other  r e s u l t s  shown l a t e r )  i nd i ca te  t h a t  i f  the  f l u i d  

It i s  predominantly t h i s  e f f e c t  t h a t  i s  

Somewhat s i m i l a r  t o  the previous p i c tu re ,  the  e f f e c t  reverses from low t o  high 
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s t a t i c  load, w i t h  ever increasing att i tude angle as a function of rotative speed 
u n t i l  the knee of the curve (following the fluid iner t ia  term -A2w<MF), t h e n  
reversing a t  the knee. 
iner t ia  term is  primarily a function of the partial  collapse of the film i n  t h e  
negative pressure region. Simply, when a i r  moves i n ,  t o  replace the oi l  i n  
ei ther t h e  steady s t a t e  o r  dynamic negative pressure region, there is  no need to  
j e t  o i l  through the t h i n  film region from the high pressure region to  the low 
pressure region; therefore major decrease of the f luidic  iner t ia  term occurs. 

Again, the authors believe that  t h i s  loss of t h e  f luid 

Figure 5 shows the effect  of the s t a t i c  deflection versus s t a t i c  load for o i l  
supply pressure variations from 5 t o  25 p s i ,  a t  constant speed of 200 rad/sec and 
o i l  temperature of goof. Here a new type of inversion i s  observed. 

8efore the knee of the curve, the att i tude angle increases w i t h  pressure from 5 
to  20 ps i ,  bu t  a t  25 ps i  i t  is  clearly reversed. 
f luid iner t ia  term between 20 and 25 psi supply pressure. I t  is believed that the 
collapse of the fluid iner t ia  term in t h i s  instance is  because the new oil  feed 
to  the bearing supplies the negative pressure region, alleviating the need for 
t h e  f luid iner t ia  effect. Note that t h i s  is for a different reason than occurs 
i n  the other tes ts .  
also reverse beyond the knee of the curve. 

T h i s  shows a collapse of the 

I t  should be noted tha t  these deflections versus load graphs 

The Perturbation Tests 

Hundreds of r u n s  were made to  establish the direct  and quadrature dynamic 
stiffness terms. 
( w i t h  a few a t  higher pressure), w i t h  rotative speeds from 100 rad/sec to  600 
rad/sec, i n  steps of 100 rads/sec, w i t h  o i l  temperatures of 65, 90 and 13OoF, 
( t h u s  viscosities of 64.3, 35.6 and 15 centipoise), w i t h  perturbation speeds of 
30 t o  400 rad/sec, mostly forward, (and enough i n  reverse t o  show the typical 
st iffness behavior), and w i t h  a 28 gram perturbation weight a t  1.1 inch radius. 
A very brief summary of these t e s t s  are shown i n  t h i s  report. 

These t e s t s  were predominantly run  a t  5 ps i  o i l  supply pressure 

Figure 6 shows the direct and quadrature dynamic s t i f fness  is a t  zero and l ight  
preloads a t  three viscosit ies,  a t  100 rad/sec, a t  5 psi o i l  supply pressure, and 
for forward and reverse perturbation. 
performance. 

The quadrature stiffness shows i t s  regular 
(1) zero crossover a t  48% of rotative speed, which is the average 
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swirl ra t io  A, (2) a slope, which is D lbs.sec/in of 
on viscosity, and (3) the o i l  wed 
of A, wR rotative speed, and D da 

support  term (cro 

The direct  term shows its typical parabola behavior due primarily to  
iner t ia  term. 
the fluid iner t ia  term is  independent of viscosity. 
dynamic load employed for t h i s  t e s t ,  and for the very low o i l  supply p r  
the fluid iner t ia  term increases w i t h  increasing viscosity. 

f luid 
For very l ight  dynamic perturbation loads, as previously studied, 

However, w i t h  the heavy 

The authors believe 
that  t h i s  sh i f t  of the f luid iner t ia  term is due to  partial  loss of 

pressure region a t  t h e  lower viscosities. 

The figures 7 through 10 show the effects on the dynamic stiffness 
s t a t i c  loading of 0 t o  24 pounds i n  steps of 4 lbs. These r u n s  are 

the negative 

terms w i t h  
a t  an o i l  

supply pressure of 5 p s i ,  a t  an outlet  oi l  temperature of 65OF (64.3 centipoise) 
and a t  constant rotative speed of 300 rad/sec. 

I t  may be observed that the dynamic quadrature st iffness tends t o  increase i n  
slope w i t h  higher s t a t i c  load, b u t  that  t h i s  is a small effect ,  w i t h  a 24 pound 
s t a t i c  load indicating an increase i n  damping o f  about 50 percent over the damping 
a t  zero s t a t i c  load. 

However, the direct  dynamic stiffness show much greater variations w i t h  s t a t i c  
load, especially (1) a t  24 pounds, where a large increase i n  the dynamic direct  
vertical spr ing  term occurs, and (2) a t  perturbation rates from about -10% of 
rotative speed t o  about +30% of rotative speed. 
st iffness term shows increase as a function o f  s t a t i c  loading more evenly for each 
increment of s t a t i c  load. These results should be related t o  the deflection 
versus s t a t i c  load shown i n  Figures 3 and 4. 

The  horizontal direct  dynamic 

CONCLUSIONS 

First, i t  may be concl 
algorithm to describ 
condition exi 
T h i s  may be caused by many factors, including low o i l  supply pressure or broken 
flow, high s t a t i c  loading, high dynamic loading, low rotative speed, etc. I t  

d that  for a 360 degree lubricated bearing a simple 
s dynamic behavior is virtually impossible when any 

r to  be pulled i n t o  the negative pressure region. 
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fo l lows t h a t  it i s  very d i f f i c u l t  t o  es tab l i sh  a c lea r  mathematic r u l e  f o r  s t a b i l i t y  

f o r  such a bearing. Cole and Hughes [lo] s ta ted  essen t ia l l y  the  same thing on t h e i r  

remarks o f  a Boeker and S t e r n l i c h t  paper [111 30 years ago w i t h  less  evidence, 

and apparently no knowledge o f  the f l u i d  i n e r t i a  term o r  extreme poss ib le  va r ia t i ons  

o f  t h a t  term. "During the course o f  some f i l m  extent  experiments on a t ransparent 

sleeve bear ing (1 X 1 X 0.002 in.) with a s ing le-hole o i l  en t ry ,  we have observed 

t h a t  w h i r l  a t  frequency near t o  h a l f  sha f t  speed may occur over a wide speed range 

bu t  on ly  wh i l e  the  f i l m  remains complete. As soon as the  f i l m  breaks, as a r e s u l t  

of increased e c c e n t r i c i t y  r a t i o  o r  changed o i l -supp ly  condi t ions,  w h i r l  ceases." 

Second, i t  i s  concluded t h a t  a 360 degree lub r i ca ted  bear ing i s  not a good 
prototype model f o r  work w i t h  l i q u i d  o r  gas seals. For l i q u i d  seals, the 

pressure o f  the supply i s  orders o f  magnitude higher than t h a t  o f  t y p i c a l  o i l  

supply pressures, so t h a t  the  f l u i d  i n e r t i a  term w i l l  be much greater  and much 

more consis tent  i n  the speeds o f  i n te res t .  

occurrence o f  an incomplete o r  cav i ta ted  f i l m  i n  the negative pressure region, so 

t h a t  much h igher  s i m i l a r i t y  may be expected. 

the t e s t  bear ing from the center should be a very good method o f  studying seals, 

as a seal t e s t  r i g  may be center fed a t  h igh  pressure, and the low pressure a t  

the ends, which can be equivalent t o  two halves o f  a seal w i th  h igh pressure.at  

one end, and l o w  pressure a t  the other  end. 

f o r  seals i s  simple t o  const ruct  and use, as there i s  no secondary high pressure 

seal area on the r o t o r  system. 

tested. 

For the gas seal, there can be no 

However, the p r i n c i p l e  o f  feeding 

With t h i s  conf igura t ion  a t e s t  stand 

If a n t i - s w i r l i n g  methods are being employed and 

However, they would be i n  opposite d i rec t i ons  on opposite ends o f  the  

t e s t  seal. 

1. 

2. 

3. 
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Figure 1. - Experiment setup. 
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Figure 6. - Direct and quadrature dynamic stiffness at rotative speed of 
100 radlsec, oil outlet temperatures of 65”, 90° ,  and 130° F, oil supply 
pressure of 5 psi, and no static load. 

497 



0 0  

, I 

\\ ? 

rn a \  x4 
C k  w 

W O  
0 u m  

v1 
w 

0 0  

E a  
aar car h a  
a m  

.d 

U 
(d 

49 8 



0 
0 

0 
0 

3 0 
0 0 

b 
9 
0 

8 8 9 ; 9 
5: e 

0 
0 
d 

0 
0 

0 
9 - 

0) 

al > 
W 

e 

T 

0 
0 
9 s 

499 



3 * 
cy 

,/ 

3 P 
01 \e 

\* 

0 0 

m 
P 

8 
3 

500 



0 0 
0 0 

0 0 I: 0 0 

$ 9  s c 
8 9 9 9 9 

O 8  0 

8 8 
? t 

501 


