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1. INTRODUCTION 

In a squeeze f i lm  gas bearing, the  bearing sur faces  are v ibra ted  relative t o  one 

another i n  t h e  plane normal t o  the  surfaces .  I f  t h e  v ib ra t ion  frequency is  high, 

during each cycle  of o s c i l l a t i o n  

is a l t e r n a t e l y  compressed and expanded. Because of non-linear e f f e c t s ,  t h e  inte- 

grated pressure  i n  t h e  bearing f i lm  over a f u l l  cyc le  of o s c i l l a t i o n  is  g r e a t e r  

than t h e  ambient pressure.  For t h i s  reason, t h e  squeeze-film bearing is a b l e  

t o  s u s t a i n  a load. The purpose of t h e  phase of t h e  squeeze-film gyro bear ing 

program covered by t h i s  r epor t  is  t o  evaluate  and perform preliminary develop- 

ment work on advanced concepts f o r  t he  t ransducer  system which provides t h e  high- 

frequency v ibra tory  motion of t h e  bearing surfaces .  

gas  i n  the  space between t h e  bear ing sur faces  

For a given bear ing sur face  geometry and mean gap between sur faces ,  t h e  bearing 

load capaci ty  and s t i f f n e s s  increase  with increased v ib ra t ion  amplitude. O r ,  

s t a t e d  another way, spec i f i ed  bearing load capaci ty  and s t i f f n e s s  can be achieved 

with a l a r g e r  mean gap i f  t h e  vibratory motion amplitude i s  increased. Vibratory 

motion of t h e  bear ing sur faces  can be  achieved through p iezoe lec t r i c ,  magneto- 

s t r ic t ive o r  electro-magnetic dr ivers .  P i ezoe lec t r i c  transducers are prefer red  over 

t h e  o the r s  because they o f f e r  t h e  bes t  combination of high dr iving frequencies ,  

l a r g e  v ib ra to ry  amplitudes, low power d i s s ipa t ion  and low weight. However, t h e  

p i e z o e l e c t r i c  t ransducers  which have so f a r  been used i n  squeeze-film bearing 

systems have given bear ing sur face  v ibra t ions  amplitudes of only about 

peak-to-peak pe r  inch of bearing diameter. Larger v ib ra t ion  amplitudes r e s u l t  i n  

dangerously high stresses i n  the  p i ezoe lec t r i c  material and very r ap id ly  r i s i n g  

power d i s s ipa t ion .  These s m a l l  v ibra t ion  amplitudes mean very s m a l l  mean bearing 

gaps (on t h e  order  of i n . / i n .  f o r  optimum performance). I f  t h e  v i b r a t i o n  

amplitude can be increased appreciably,  a proport ionate  increase  i n  t h e  mean 

t 

in .  
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bearing gap can be made with no l o s s  in  performance. One way of doing t h i s  with- 

out l a r g e  p i e z o e l e c t r i c  material stresses and wi th  low power l o s s  is t o  connect 

t he  bearing t o  t h e  dr iv ing  transducer through a mechanical f lexure  so t he  

transducer motion is amplified at t h e  bear ing sur face  by de f l ec t ion  of t h e  

f lexure  . 

The experimental axial-excursion transducer system with f l exure  support  of t h e  

bear ings is  shown schematically i n  Fig. 1. Conical bearings a t  each end of t h e  

t ransducer  support  and loca te  t h e  gyro f l o a t  (not shown) i n  both t h e  r a d i a l  

and t h e  axial planes. The tubular ,  ceramic p i ezoe lec t r i c  d r i v e  element is  con- 

nected t o  t h e  bearing8 by f lexures  i n  t h e  form of f l a t  washers. The bearings 

are v ibra ted  i n  t h e  axial d i r e c t i o n  by t h e  ceramic tube operat ing at t h e  longi- 

t ud ina l  mode resonant frequency of the  system. T i e  b o l t s  are used t o  keep t h e  

ceramic tube under compressive preload throughout t h e  cycle.  The transducer  

system wi th  f l exures  w i l l  have a s u b s t a n t i a l l y  lower resonant frequency than 

t h e  ceramic tube alone. I f  t h e  squeeze motion frequency is too low, t h e  load 

capaci ty  of t he  bearing w i l l  be reduced. Therefore, design of a t ransducer  d r ive  

system with mechanical ampl i f ica t ion  of t h e  v ib ra t ion  amplitude requi res  a ba- 

lance between high ampl i f ica t ion  f ac to r  t o  increase  t h e  motion amplitude and main- 

t a i n  acceptably low transducer stresses and power d i s s ipa t ion  while ,  a t  t h e  same 

t i m e ,  keeping t h e  d r i v e  frequency high enough t o  avoid a l o s s  i n  load capacity.  

,-- 
I An a n a l y t i c a l  i nves t iga t ion  of t h e  a x i a l  excursion transducer with mechanical 
.- 
f l exures  connecting t h e  bearings and t h e  d r ive  element w a s  performed (Ref. 1 ) .  

The design d a t a  given i n  Ref .  1 can be  used t o  compute t h e  amplif icat ion f a c t o r  

and t h e  r a t i o  of t h e  system resonant frequency t o  t h e  resonant frequency of t he  

d r i v e  element as funct ions of the  design va r i ab le s  of t he  system.3’hese design 
T 

d a t a  w e r e  used i n  t h e  design of t h e  experimental t ransducer  system and t o  guide 

t h e  i n v e s t i g a t i o n  of t h e  e f f e c t s  of some of t h e  c r i t i ca l  design parameters. 
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If. SUMMARY OF AXIAL-EXCURSION TRANSDUCER PERFORMANCE 

An experimental axial-excursion transducer has  produced axial v ib ra t ions  of each 

of t h e  bear ing cones of up t o  700 microinches peak t o  peak with 80 v o l t s  r m s  

d r ive  at 11,100 cps d r ive  frequency. With a 45-degree bear ing cone angle,  t h i s  

amounts t o  about 500 microinches peak-to-peak v i b r a t i o n  measured normal t o  the  

bear ing surface.  Power consumption under these  condi t ions w a s  approximately 
1 
I 9 w a t t s .  The motion of t h e  p i ezoe lec t r i c  d r ive  tube w a s  amplified by t h e  

f lexure  support ing t h e  bearing r i n g  by a f a c t o r  of as much as 6.0. 

The following design c r i t e r i a  f o r  squeeze-film bearings have evolved from theo- 

I re t ical  design ana lys i s  (Ref. 3) and practical f ab r i ca t ion  and design consi- 

dera t ions :  

. 
2 

a) The bearing squeeze number l 2 P  (2rf)  (E/c) should be g r e a t e r  than 100 
Pa 

t o  avoid a d e t e r i o r a t i o n  i n  load capaci ty  ( the  asymptotic squeeze-film 

so lu t ion  app l i e s  above t h i s  l imi t ) .  

b)  The sum of t h e  half-wave v ibra tory  excursion and t h e  maximum steady- 

state e c c e n t r i c i t y  r a t i o  of t h e  bear ing should not  exceed 0.9. This 

means t h a t  t h e  minimum instantaneous f i lm  thickness  should always be 

g r e a t e r  than 0.1 times bearing t h e  clearance gap. This c r i t e r i o n  is  im- 

posed t o  account f o r  reasonable expectat ions regarding machining to- 

lerances and sur face  d i s to r t ion .  

c) Given t h e  l i m i t a t i o n  expressed i n  b)  above, m a x i m u m  load capaci ty  can 

be  achieved i f  t h e  v ib ra t ion  excursion r a t i o  is  about 0.5 t i m e s  t h e  mean 

bear ing gap. 
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* . The measured half-wave excursion normal t o  t h e  bear ing su r face  i s  2.5 x 

w inches. From c)  above, t h i s  m e a n s  a mean normal gap of 5.0 x inches. To- 
I 

I lerances on bear ing cone s t r a igh tness ,  roundness, concen t r i c i ty  and match between 

male and female cone members should be less than 10 percent  of t h e  mean gap or 

40 t o  50 microinches t o t a l .  The squeeze number of a i r  a t  atmosphere pressure 
-4 

with 5.0 x 10 inch mean clearance and t h e  resonant frequency of t h e  experi- 

mental system (11.1 kc) is about 350 which is  w e l l  above t h e  l imi t ing  value f o r  

avoiding a frequency e f f e c t  on load capacity. 

The t o t a l  c y c l i c  stress excursion at  the center  plane of t h e  ceramic d r ive  tube 

is approximately 1.2 x 10 l b / i n  and, because of the  t ie  b o l t  preload, t h i s  is 

a c y c l i c  v a r i a t i o n  i n  compressive s t r e s s  with no stress reversa l .  

3 2 

The q u a l i t y  f a c t o r  (Q) of t h e  transducer system with 80 v o l t s  nns dr ive ,  

11,100 cps d r i v e  frequency w a s  calculated.  A high value of Q is  des i r ab le  t o  

minimize power d i s s i p a t i o n  and t o  keep t h e  electrical  f i e l d  s t r eng th  needed t o  

obta in  t h e  des i red  c r y s t a l  stralbn low. A value of several hundred or higher  is  

considered t o  be good f o r  t h i s  type of appl ica t ion .  The ca l cu la t ion  w a s  per- 

formed using t h e  re la t ionship :  

energy s to red  
Q = 2n energy d i s s ipa t ed  per  cycle 

The energy 

placement. The energy d i s s ipa t ed  pe r  cycle  w a s  determined from t h e  measured 

e l e c t r i c a l  power input .  The value of Q ca lcu la ted  i n  t h i s  way w a s  330 which is 

q u i t e  sat is  fac tory  . 

s to red  is  approximately equal t o  the  s t r a i n  energy a t  m a x i m u m  d is -  
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111. EXPERIMENTAL AXIAL-EXCURSION SQUEEZE-FILM TRANSDUCER APPARATUS 

The experimental transducer configurat ion is  i l l u s t r a t e d  i n  Fig. 1 and t h e  u n i t  

as t e s t e d  is shown i n  Fig. 2. The c y l i n d r i c a l  b a r s  a t tached t o  t h e  bear ing cone 

sur face  are weights which w e r e  added to  inves t iga t e  the  e f f e c t s  of bear ing mass. 

The tube coming down from t h e  top  of the p i c t u r e  is t h e  f i b e r  o p t i c  proximity 

probe i n  pos i t i on  t o  measure bearing motion normal t o  t h e  sur face  a t  t h e  c.g. 

The design parameters and operat ing var iab les  of t h e  axial excursion t ransducer  

include : 

A1 p1 a 

mb 
Mass of t h e  dr iv ing  element e - 

a) Mass of t h e  bearing 

b, S t i f f n e s s  of t h e  f l exure  
A1 E1 S t i f f n e s s  of t h e  dr iv ing  element = 

K!L 

C 

E O  

- = Excursion a t  t h e  bear in  
Excursion at  t h e  d r ive  Llement end 

V - - Resonant frequency of t h e  system 
dl Resonant frequency of t h e  dr ive  element a lone 

Fig. 3 ,  taken from Ref. 1, shows the re l a t ionsh ip  among these  parameters. It w a s  

decided t o  use a 3 inch O.D., 0.375 inch th i ck  ceramic cyl inder  of 2 inch length.  

The bear ing cones w e r e  t o  have a projected area (ax ia l )  of 4.4  i n 2  and a cone apex 

angle  of 90 degrees. The mass of the bearing cone with 0.125 th i ck  w a l l s  i s  about 

and t h e  mass r a t i o  ( 9.1 x 10 

a t  an ampl i f ica t ion  f a c t o r  of 7.5. As shown i n  Fig. 3 ,  t h i s  r e s u l t s  i n  a des i red  

s t i f f n e s s  r a t i o  of about 8.2 and a predicted frequency r a t i o  of about 0.38. This 

should b e  high enough t o  give a bearing squeeze number w e i i  i n  excess of i60 so 

t h e r e  

The f l e x u r e  s t i f f n e s s  required t o  obtain a s t i f f n e s s  r a t i o  of 8.2 is about 5.0 x lo6 

l b / i n .  

) is  3 . 4 .  The design w a s  aimed 
-4 lb-sec 2 A, p 1 R  

mb in.  

should be no l o s s  i n  bearing performance because of the  reduced frequency. 
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The flexure dimensions to obtain the desired stiffness were computed using the 

formula for a flat washer with fixed edges (Ref. 2). The results were regarded 
m 

as questionable because the proposed flexure is a very thick washer (thickness 

is nearly half the washer transverse dimension), the choice of end conditions 

is doubtful, and because small errors in the machined comer radii could sub- 

stantially alter the stiffness. For these reasons, measurements of the flexure 

stiffness were made with the actual machined parts. Because of the high stiffness 

of the flexure, extremely rigid loading fixtures and precise measurements of very 

small deflections were required. Load was applied by a hydraulic press through 

a male cone member matching the bearing cones. A strain-gage cantilever beam was 

made and attached to the ring which fits over the ceramic tube so that it measured 

relative axial deflection of the bearing cone at the small diameter end. Thus 

deflections of the supporting structure had no effect on the results. Essentially 

linear load-deflection curves were obtained which indicated flexure stiffnesses 

of 4 .35  x 10 lb/in. and 4.7 x 10 lb/in. for the two rings. 6 6 

The bearing cone-flexure-mounting rings were machined in one piece from low car- 

bon molybdenum alloy. Mo-alloy was chosen for these parts because of its low co- 

efficient of expansion, high thermal conductivity, and high modulus of elasticity. 

The low coefficient of expansion closely matches that of the ceramic and high con- 

ductivity should improve heat dissipation from the ceramic. The high modulus of 

elasticity (46  x 10 lb/in) results i n  a high bearing cone stiffness with low weight. 

The bearing rings are mounted on the ceramic tube with a very light radial inter- 

ference ana with unfiiiea epoxy in ‘ D O K ~  circumferenriai ana axiai joinrs. n very 

stiff connection between the, ceramic tube and the bearing rings is required for 

good mechanical coupling. Compressive preload and epoxy-filled joints were used for 

this purpose. 

6 
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A lead zirconate-lead t i t i n a t e  mater ia l  (Gulton HDT-31) w a s  used f o r  t h e  piezo- 

electric ceramic tube. This mater ia l  was se l ec t ed  f o r  i t s  r e l a t i v e l y  high mechanical 

Q, high Curie temperature, and high res i s tance  t o  depolar iza t ion  under high stress. 

The centerplane mounting r i n g  is to connect t h e  t ransducer  t o  t h e  surrounding 

support s t ruc tu re .  It is cemented t o  the ceramic cyl inder  with u n f i l l e d  epoxy and 

is  loca ted  a t  t h e  centerplane because t h i s  should be t h e  nodal po in t  f o r  t h e  

longi tudina l  mode resonance. The mounting r i n g  w a s  i n s t a l l e d  a f t e r  most of t h e  

experiments w e r e  completed i n  order  t o  determine t h e  e f f e c t  on transducer perfor- 

mance. 

Compressive preload i s  applied by 1 2  s t a i n l e s s  steel thread-rod t i e  b o l t s  through 

t h e  clamping r ings  a t  t h e  ends of t h e  transducer.  The amount of preload was de- 

termined by measuring t h e  s t r e t c h  of the ind iv idua l  t i e  b o l t s  as t h e  nuts  w e r e  

t ightened.  

The t ransducer  w a s  dr iven by a power ampl i f ie r  which, i n  tu rn ,  w a s  driven by a 

variable-frequency s i g n a l  generator.  Transducer cur ren t  w a s  measured by measuring 

t h e  vol tage  drop across  a 12 ohm s e r i e s  r e s i s t o r .  Drive vol tage  w a s  measured 

d i r e c t l y .  

Vibratory motion amplitudes were measured by Fotonic Model KD-45 f iber -opt ic  

proximity sensors.  The ca l ib ra t ion  fac tor  of t h e  sensor  w a s  5 . 7 ~  in/mv. and i t s  

frequency response i s  f l a t  t o  about 40 kc. The estimated accuracy of measurement 

is 5 percent  o r  + 1 O u  i n ,  whichever is g rea t e r .  S m a l l  t r i a n g u l a r  blocks were ce- 

mented t o  t h e  bear ing cone sur face  at  a number of po in ts  (see Fig. 2 ) .  The sides 

of t h e s e  blocks served as re ference  surfaces  f o r  measurements of motion i n  t h e  

r a d i a l  and axial planes.  The bear ing sur face  i t s e l f  w a s  used f o r  measurements i n  the  

normal d h e c t i o n .  
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I V .  EXPERIMENTAL OPERATION OF THE AXIAL-EXCURSION TRANSDUCER 

A series of experiments w a s  performed f o r  t h e  purpose of observing the  behavior 

of t he  transducer-bearing assembly and t o  inves t iga t e  approaches f o r  improving 

performance. 

Before beginning a descr ip t ion  of t he  r e s u l t s ,  some comment regarding the  

uniformity and r ep roduc ib i l i t y  of t he  r e s u l t s  is  appropriate.  A dec l ine  i n  t h e  

amplitude of v ib ra t ion  on t h e  order  of 10 percent  commonly occurred between 

s t a r t i n g  t h e  t ransducer  cold and steady-state operat ion a f t e r  s eve ra l  hours a t  

high d r ive  voltage.  For t h i s  reason, d a t a  w e r e  general ly  taken a f t e r  a warm-up 

period of operation. The temperature rise of t h e  transducer w a s  qu i t e  s m a l l  - 

t he  tube temperature reached 95 t o  100 F a f t e r  s eve ra l  hours a t  80 v o l t s  dr ive .  

Variat ions i n  performance between separa te  runs with seemingly i d e n t i c a l  condi- 

t i o n s  were not  s p e c i f i c a l l y  invest igated because i t  w a s  c l e a r  from normal 

t e s t i n g  t h a t  t he  d i f fe rences  were small - considerably less than the  10 percent  

s h i f t  on warm-up. 

A. Survey of Transducer Resonant Frequencies 

The transducer  d r ive  frequency was varied from 5 t o  60 kc a t  constant 40 v o l t  rms 

dr ive  t o  i d e n t i f y  system resonant frequencies i n  t h a t  range.. The r e s u l t s ,  shown 

as v a r i a t i o n s  i n  t ransducer  cur ren t  with frequency, are given i n  Fig. 4. By f a r  

t h e  s t ronges t  resonant frequency, wirh the iowesi iransducer frnprrlaiice , is the 

hoop mode a t  j u s t  over 15 kc. The axial mode, at  which the  transducer is  operated,  

is appreciably weaker. Relat ively close proximity of t h e  dominant hoop mode re- 

sonance t o  t h e  axial resonance w i l l  present d i f f i c u l t i e s  i n  the  design of a s e l f -  

resonant  d r ive  c i r c u i t  t o  d r i v e  a t  t h e  a x i a l  mode resonance. It may be necessary 
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t o  incorporate  a x i a l  motion measurement instrumentat ion f o r  feedback con t ro l  of 

the  d r ive  c i r c u i t  i n  order t o  operate  on t h e  axial resonance. 

Bearing cone motions w e r e  measured at  each of t h e  numerous resonant frequencies 

t o  iden t i fy ,  a t  least general ly ,  t h e  mode of t h e  v ibra t ion .  The weak resonance 

a t  12.5 kc  is  a bending mode of the  bearing cones character ized by very l i t t l e  

motion at  the  l a r g e  diameter end and hoop mode v ib ra t ion  of increasing amplitude 

going from t h e  l a r g e  t o  the  s m a l l  diameter end. The m a x i m u m  bearing cone motions, 

a t  the  smal l  diameter end, a r e  only about 15 percent of t h e  motions a t  the  a x i a l  

mode resonance, so t h i s  resonant frequency has  l i t t l e  e f f e c t  on performance a t  

t h e  axial mode resonance. The higher  frequency resonances, above 15 kc, a l s o  

involve bending of t h e  bearing cones and t h e  motion amplitudes are a l l  very s m a l l  

compared t o  those a t  t h e  a x i a l  mode. A t  t h e  hoop-mode, t he re  is  very l a r g e  r a d i a l  

motion a t  the  t ransducer  centerplane and much smaller motion a t  t h e  ends. Bearing 

cone motion, measured normal t o  t h e  surface,  is q u i t e  s m a l l ,  about 10 percent 

of t h e  motion a t  t h e  a x i a l  mode resonance. 

The axial and hoop mode resonant frequencies of a p l a i n  ceramic tube i d e n t i c a l  

t o  t h a t  used i n  t h e  transducer systemwere measured and found t o  be 33,277 and 

15,443 cps respect ively.  

B. Cha rac t e r i s t i c  Bearing Cone Motion 

Idea l ly ,  t h e  bear ing cone should v ib ra t e  i n  a purely t r a n s l a t i o n a l  mode i n  the  a x i a l  

d i r e c t i o n  so t h a t  t he  normal motion of t h e  bearing sur face  i s  i d e n t i c a l  a t  a l l  points .  

I n  f a c t ,  t h i s  is  d i f f i c u l t  t o  achieve because of t h e  following e f f e c t s :  

(a) Deflect ion of t he  f lexure  r e s u l t s  i n  a moment a t  t he  junc t ion  with the  

bear ing cone because of edge r e s t r a i n t  imposed on the  f lexure  by t h e  cone. 

This moment tends t o  r o t a t e  the  cone cross-section about t h e  f l exure  

connection po in t ,  cyc l i ca l ly  opening and c los ing  t h e  cone apex angle. 
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(b) I n e r t i a  e f f e c t s  ac t ing  on the  cone tend t o  bend the  cone cross-section 

around the  f lexure  connection unless  t h e  r e s u l t a n t  and t h e  flexure-cone 

reac t ion  force  passes through t h e  cone, c.g. 

To inves t iga t e  t h e  mode of t h e  bearing cone motion, measurements w e r e  made i n  the  

a x i a l ,  r a d i a l  and normal planes at three po in t s  i n  one r a d i a l  plane (O.D., I.D. 

and a t  t h e  C.g.)and at  four  r a d i a l  planes spaced 90 degrees apar t .  The measurements 

cons i s t en t ly  ind ica ted  a r o t a t i o n  of the cone c ross  sec t ion  about t he  f lexure  

connection - evident ly  a response t o  the moment induced by t h e  f lexure  def lect ion.  

This e f f e c t  is shown i n  Fig. 5 where the axial and r a d i a l  motions a t  t h e  th ree  

measurement poin ts  i n  one r a d i a l  plane are p lo t t ed  f o r  40 v o l t s  d r ive  and 4,000 l b  

t i e  b o l t  preload. The combination of cone t r a n s l a t i o n  and r o t a t i o n  which t h e  

measurements appear t o  r e f l e c t  i s  i l l u s t r a t e d  i n  Fig. 6 .  The r a d i a l  motions of t h e  

inner  and outer  edge are 180 degrees out of phase and t h e r e  is  no r a d i a l  motion 

a t  t h e  c.g. The r a d i a l  motion a t  t h e  inner  edge and the  a x i a l  motion are add i t ive  

i n  t h e  d i r e c t i o n  normal t o  t h e  cone surface,  while t he  r a d i a l  motion a t  t h e  outer  

edge s u b t r a c t s  from t h e  axial motion in  t h e  normal d i rec t ion .  Cone r o t a t i o n  a l s o  

produces a v a r i a t i o n  i n  the  axial plane motion a t  t h e  th ree  measurement poin ts  

which, l i k e  t h e  r a d i a l  motion, adds t o  t h e  motion i n  t h e  normal d i r ec t ion  a t  t h e  

inne r  edge and s u b t r a c t s  from i t  a t  t h e  ou ter  edge. 

The motions i n  the  normal d i r e c t i o n  as determined by pro jec t ion  of the  a x i a l  and 

r a d i a l  p lane  measurements are compared with d i r e c t  measurements a t  each of t he  

t h r e e  measurement poin ts ,  The d i r e c t  measurements uniformly ind ica t e  l a r g e r  ampli- 

tudes than  t h e  pro jec ted  measurements i n  each case. The reason f o r  t h i s  is not 

c l ea r .  It may 

when axial plane measurements w e r e  taken ( t h i s  would r e s u l t  i n  reduced s e n s i t i v i t y ) .  

be t h a t  t he  Fotonic sensor probe t i p  w a s  not paral le l  with the  sur face  
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* The relative axial  and r a d i a l  components of motion and t h e i r  d i r e c t i o n  were 

e s s e n t i a l l y  independent of d r i v e  voltage. Thus, t h e  bearing motion normal t o  t h e  

su r face  a t  t h e  c.g. w a s  cons i s t en t ly  about 85 percent of t h e  motion on t h e  I .D.  

and 170 percent of the motion a t  t h e  O.D. Measurements a t  d i f f e r e n t  po in t s  around 

t h e  bear ing cone circumference indicated v i r t u a l l y  i d e n t i c a l  motion amplitudes 

and no de tec t ab le  phase difference.  

There w a s  no i nd ica t ion  of hoop mode vibrat ions a s i d e  from t h e  cone r o t a t i o n  

e f f e c t .  

The motions of t h e  bearing cones a t  e i t h e r  end of t h e  transducer were i d e n t i c a l  

wi th in  t h e  accuracy of measurement. 

Simultaneous measurements o f  bear ing cone motion a t  t h e  c.g. and transducer motion 

a t  t h e  o u t e r  f ace  of t h e  clamping r ing  w e r e  made t o  determine t h e  ampl i f i ca t ion  

f ac to r .  Fig. 7 shows an example of the r e s u l t s  f o r  40 v o l t s  d r i v e  with 4,000 lb 

preload and t h e  midplane suspension ring i n  place. The measured amplif icat ion f a c t o r  

is  4.85 which is w e l l  below t h e  predicted value of about 7.5. 

0 

- - 
The system resonant frequency a t  40 vo l t s  d r ive ,  4,000 l b  preload w a s  11,114 C.P.S. 

The c a l c u l a t e d  resonant frequency o f t h e  ceramic tube with t h e  t i e  b o l t s  and 

clamping r ings ,  bu t  not  t h e  bearing r ings ,  a t tached is  about 27,000 C.P.S. Therefore, 

t h e  measured system resonant frequency i s  about 0.41 t i m e s  t h e  resonant frequency 

of t h e  d r i v i n g  s e c t i o n  alone in s t ead  of 0.38 as predicted.  

The opera t ing  po in t  of t h e  experimental transducer with 4,000 l b s  preload, 40 v o l t s  

d r i v e  as determined from t h e  measured performance c h a r a c t e r i s t i c s  i s  p lo t t ed  i n  

Fig. 3 f o r  comparison with the  predicted operat ing point  based on design character-  

istics. The comparison suggests t h a t  t h e r e  is  a discrepancy between t h e  ca l cu la t ed  
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A1 E l  

I and ac tua l  values of s t i f f n e s s  r a t i o  ( -  ). The measured and t h e o r e t i c a l  
K I 1  . 

ampl i f ica t ion  f a c t o r s  would agree,  i f  t he  s t i f f n e s s  r a t i o  w a s  reduced from 8.2 t o  

5.2 while maintaining t h e  same value of mass r a t i o .  

The d r ive  element s t i f f n e s s  may be lower than t h e  o r i g i n a l  ca lcu la ted  value 

because of increased compliance i n  the area of t h e  connection between the  ceramic 

tube and t h e  f l exure  r ings .  Increased compliance i n  t h i s  region would be expected 

from t h e  following: 

a) The area of t h e  i n t e r f a c e  between t h e  end of t h e  ceramic tube and t h e  

f lexure  r ing  is only about one h a l f  of t h e  tube cross-section area. This 

r e s u l t s  i n  a stress concentration i n  t h e  tube near  t h e  ends and a lower 

s t i f f n e s s  than would be expected i f  t h e  i n t e r f a c e  covered t h e  e n t i r e  

area of t he  tube end. 

b)  The a c t u a l  contact  area within t h e  i n t e r f a c e  is  much lower than t h e  t o t a l  

i n t e r f a c i a l  area because of surface roughness and non-flatness. This 

would reduce t h e  s t i f f n e s s  of t h e  i n t e r f a c e  i t s e l f .  Compressive preload 

and use of epoxy i n  the  in t e r f ace  should minimize t h i s  e f f e c t .  For 

= 3 . 4 ,  t h e  predicted frequency r a t i o  i s  about Kg = 5.2 and - A1 p 1  

% 
A E  u 

0.47 while t he  measured value i s  0.41. However, t h i s  r a t i o  i s  based on 

a ca lcu la ted  value f o r  t he  resonant frequency of t h e  d r ive  sec t ion  which 

assumes uniform compliance of t h e  ceramic tube and i n f i n i t e  s t i f f n e s s  

of t h e  connection in t e r f ace .  The a c t u a l  d r ive  sec t ion  resonant frequency 

ahoiild be reduced by these  e f f e c t s  and t h i s  would give a higher  value 

of frequency r a t i o  - c lose r  t o  t he  t h e o r e t i c a l  value of 0.47. 

The experimental  d a t a  suggest t h a t  t h e  d r ive  s e c t i o n  s t i f f n e s s  w a s  reduced by a 

f a c t o r  of 5.2 / 8.2 o r  0.63 because of compliance i n  t h e  region of t he  tube-to 
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. f lexure  r ing  connection. The longi tudinal  s t i f f n e s s  of t h e  ceramic tube,  from 
6 

midplane t o  end, is about 40 x 10 

form throughout t h e  tube. I f  it i s  assumed t h a t  t he  e f f e c t i v e  cross-sect ional  

area of t h e  tube i s  reduced at t h e  end t o  t h e  area of t h e  i n t e r f a c e  with t h e  f lexure  

r ing ,  and t h a t  t h i s  e f f e c t  extends i n  f o r  a d is tance  equal t o  twice the  r a d i a l  

width of t h e  i n t e r f a c e ,  an estimate can be made of t he  e f f e c t  of t h e  reduced i n t e r -  

f a c i a l  area on t h e  tube s t i f f n e s s .  I n  e f f e c t ,  t h e  tube c ross  s e c t i o n  area is reduced 

by ha l f  f o r  a dis tance  of 0.375 inch out of a t o t a l  of 1 inch. This would reduce 

the  e f f e c t i v e  s t i f f n e s s  of t he  c r y s t a l  by a f a c t o r  of 0.73 o r  6.7/8.2. In order  t o  

achieve t h e  ind ica ted  reduction i n  ove ra l l  s t i f f n e s s  by t h e  f a c t o r  of 0.63 because 

of compliance of t h e  i n t e r f a c i a l  j o i n t  a lone,  t he  j o i n t  s t i f f n e s s  would have t o  be 

about 68 x 10 

d ica ted  reduct ion i n  d r ive  element compliance could very w e l l  be caused by the  

e f f e c t s  which w e r e  mentioned. 

l b / i n  i f  i t  is assumed t h a t  t h e  stress is uni- 

6 l b / i n .  These f igures  are  reasonable and they suggest t h a t  t h e  in- 

Additional da t a  t o  support  t he  be l i e f  t h a t  t he  ac tua l  d r ive  element s t i f f n e s s  w a s  

lower than t h e  value used i n  the  design ca lcu la t ions  w i l l  be brought out  i n  t h e  

discussions of t h e  e f f e c t s  of d r ive  voltage and preload on t ransducer  performance. 

C. Ef fec t  of Drive Voltage 

The motion normal t o  t h e  sur face  a t  the c.g. and t h e  product of d r ive  vol tage  and 

t ransducer  

mounting r i n g  i n  p lace  and 5,200 l b  preload are shown i n  Fig. 8. A t  t h e  longi tudina l  

resonance, t he  cur ren t  c h a r a c t e r i s t i c a l l y  leads t h e  vol tage  by about 25 degrees 

so t h e  power consumption is  about 0.9 t i m e s  t h e  volts-amps. product. This phase 

d i f f e rence  is  apparently a r e s u l t  of t h e  r eac t ive  na ture  of t h e  acous t ic  load. The 

resonant  frequency a t  each d r ive  vol tage i s  a l s o  spec i f ied .  

cur ren t  a t  var ious values of d r ive  vol tage f o r  t he  system with the  
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- The electrical impedance of t he  transducer w a s  near ly  constant  (about 

i nc rease  as d r i v e  vol tage  went from 40 t o  80 vo l t s . ) .  This means t h a t  

a 20 percent 

power goes up 

approximately as the  square of d r i v e  vol tage while t he  amplitude of t h e  motion is  

roughly propor t iona l  t o  d r i v e  vol tage.  A t ransducer  power l e v e l  of about 9 w a t t s  

f o r  500p in. peak-to-peak v ib ra t ion  amplitude i n  t h e  normal d i r e c t i o n  is  reasonable 

expec ta t ion  f o r  an axial excursion transducer of t h i s  s ize .  

Charac t e r i s t i c  curves of v i b r a t i o n  amplitude vs. d r ive  frequency f o r  s e v e r a l  

d i f f e r e n t  d r ive  vol tages  with 4,000 lbs  preload are shown i n  Fig. 9. The d a t a  

given i n  both Figs.  8 and 9 show a lower resonant frequency with increased d r i v e  

vol tage.  This may be an ind ica t ion  of a lower d r i v e  element s t i f f n e s s  due t o  

increased compliance of t h e  tube-to-flexure r i n g  connections as the  f luc tua t ing  

load amplitudes approach t h e  preload a t  high d r i v e  vol tages .  To check on t h i s ,  

measurements of t he  ampl i f ica t ion  f a c t o r  w e r e  made f o r  d i f f e r e n t  d r i v e  vol tages  

with t h e  5,200 l b  preload. A t  40 v o l t s  d r ive ,  t he  ampl i f ica t ion  f a c t o r  w a s  6.0 

and a t  100 volts d r i v e  i t  had f a l l e n  t o  5.5. This supports  t h e  b e l i e f  t h a t  c m  

p l i ance  of t h e  tube-ring connection i s  p r i n c i p a l l y  respons ib le  f o r  t he  d i f fe rences  

between measured and predic ted  performances. 

D. E f f e c t  of Preload 

The e f f e c t s  of t i e b o l t  preload are apparent i n  Fig. 10 i n  which t h e  d r i v e  voltage- 

motion amplitude r e l a t ionsh ip  is shown f o r  d i f f e r e n t  values  of preload. The rate 

of i n c r e a s e  i n  amplitude with vol tage  is lower when t h e r e  i s  no preload. With pre- 

load,  the motion increases  more rapidiy wich voi tage  uutil ii poiat io r~acbed  

where the dynamic forces  approach the  preload. The s lope  of t h e  curve then f a l l s  

o f f  and approaches t h a t  of the  curve  without preload. Evidently,  preload a c t s  

t o  increase t h e  stiffness of t h e  dr ive  sec t ion ,  p a r t i c u l a r l y  of t he  tube-to-ring 

connect ion region. The frequency-motion curves become asymmetrical when t h e  ha l f -  
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wave dynamic loads approach the  preload as shown i n  Fig. 11. This is an ind ica t ion  

of non-linear coupling between t h e  transducer and t h e  bear ing cone. 

Amplification f a c t o r  and frequency r a t i o  w e r e  determined f o r  widely varying 

amounts of preload. The r e s u l t s  are p lo t ted  i n  Fig. 3 .  Preload obviously has a s t rong  

e f f e c t  on amplif icat ion f ac to r  and the e f f e c t  is  cons is ten t  with an increase  i n  

d r ive  element s t i f f n e s s  as preload i s  increased. 

II 
is 2.7 ins tead  of 3.4 f o r  t he  *1 p1  The ca lcu la ted  value of the  mass r a t i o  

case of no preload due t o  removal of the t i e  b o l t s  and clamping ring. There 
mb 

w a s  no change i n  ca lcu la ted  s t i f f n e s s  r a t i o  f o r  t h e  method used which ignores 

any e f f e c t s  of t he  tube-ring connection. 

It is  c l e a r l y  des i r ab le  t o  operate  the axial excursion t ransducer  with s u b s t a n t i a l  

I -  

- 

compressive preload. The following advantages are rea l ized:  

a) Greater d r ive  element s t i f f n e s s  and b e t t e r  coupling between the  d r i v e  

element and bear ing r ings  r e s u l t  i n  l a r g e r  bear ing excursion amplitudes 

wlth lower power loss f o r  a given excursion, and lower ceramic tube 

s t r a i n  f o r  a given bear ing excursion (higher amplif icat ion f ac to r ) .  

The p i ezoe lec t r i c  d r ive r  and t h e  connections between t h e  d r ive  tube and t h e  b)  

f lexure  r ings  are under continuous compressive stress which should improve 

the  i n t e g r i t y  of t h e  connection. 

2 
w-- KuL &I.--, CI.SaS -..I,.--.-. LsacrvuP,  a ccqrcssive prelcrd c ~ ?  the nrder nf 1,500 l b / i n  stress i n  t h e  

d r i v e  tube (4 ,650  lb .  t o t a l  on the  experimental t ransducer)  o r  higher  is recommended. 

E. E f f e c t s  of Bearing Mass 

The predic ted  e f f e c t s  of increas ing  t h e  bearing mass (Fig. 3) are t o  increase the  
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- f l exure  amplif icat ion f a c t o r  and reduce t h e  frequency r a t i o .  I n  order  t o  inves t iga t e  

experimentally,  weights t o t a l l i n g  13.2 gms (about 10 percent of t h e  o r i g i n a l  bearing 

mass) w e r e  cemented onto t h e  bearing cones. The r e s u l t  w a s  a small increase  i n  ampli- 

f i c a t i o n  f a c t o r  

duction i n  frequency r a t i o  (from 0.40 to  0.38). The changes are s m a l l  which i s  con- 

s i s t e n t  with t h e  s m a l l  mass change involved. 

(from 6.0 t o  6.2 f o r  5,200 l b  preload,  40 v o l t s  dr ive)  and a re- 

The r e l a t ionsh ip  between d r ive  vol tage and bearing excursion amplitude with t h e  added 

weights is  shown i n  Fig. 12. The excursion amplitude f o r  a given d r ive  vol tage  i s  

s l i g h t l y  higher  than i t  w a s  f o r  the bearing without added weights (4901.1 in.peak-to- 

peak f o r  80 v o l t s  d r ive  compared t o  4701~ i n .  with t h e  p l a i n  bear ings) .  There w a s  

no measurable d i f fe rence  i n  power requirement a t  a given d r ive  vol tage  as a r e s u l t  

of adding t h e  masses t o  the  bearing cones. 

Evidently,  m a s s  could b e  added t o  t h e  bearing cones f o r  t h e  purpose of s t i f f e n i n g  

them aga ins t  r o t a t i o n  caused by t h e  f lexure  mument with comparatively l i t t l e  cos t  

t o  power consumption o r  d r i v e  frequency. A s m a l l  increase  i n  bearing excursion ampli- 

tude f o r  a given d r ive  vol tage  would probably be rea l ized .  

F. E f fec t  of C l a m p i n g  Rim Mass 

Increasing t h e  mass of t h e  t i e -bo l t  clamping r ings  should reduce t h e  amplif icat ion 

f a c t o r  bu t  increase  the  motion of t he  p i e z o e l e c t r i c  transducer f o r  a given d r ive  

vol tage.  To determine t h e  n e t  e f f e c t ,  weights of 0.316 l b  w e r e  added t o  each clamping 

r ing  ( o r i g i n a l  weight 0.447 lb)  and measurements of bearing cone motion and power 

were made. T h e  etgects of cne acided u P 8 s  were; 

a) Bearing cone motion measured normal t o  the  sur face  a t  the  c.g. increased 

by about 10 percent .  

b) Resonant frequency f e l l  by l e s s  than 1 percent.  

c )  Transducer impedance f e l l  by near ly  30 percent  and power consumption rose 
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proport ionately.  

While i t  is poss ib le  t o  obta in  a s m a l l  increase  i n  motion by increasing t h e  clamping 

r ing  mass, t h e  consequences of increased c r y s t a l  s t r a i n  and s u b s t a n t i a l l y  higher  

power consumption make t h i s  an undesirable path t o  follow. 

G. Ef fec t  of Centerplane Mounting Ring 

I n  order  t o  be use fu l  i n  instrument appl ica t ions ,  t he  a x i a l  excursion squeeze-film 

transducer-bearing assembly must be r ig id ly  posi t ioned with respec t  t o  i ts  sup- 

por t ing  s t ruc tu re .  This must be done without severely r e s t r i c t i n g  t h e  transducer 

performance o r  t ransmi t t ing  l a r g e  dynamic forces  t o  t h e  supporting s t ruc tu re .  

The centerplane of t h e  transducer tube i s  a l o g i c a l  place t o  make t h e  connection 

because longi tudina l  motion at t h i s  point should be zero. Therefore,  a t h i n  annular 

mounting r i n g  w a s  cemented t o  t h e  c r y s t a l  at  the  centerplane with a one m i l  th ick  

f i lm  of epoxy between r ing  and c rys t a l .  The r ing  w a s  0.125 inch th i ck  

width of t h e  annular s ec t ion  is 0.75 inch. 

and the  

The mounting r ing  had very l i t t l e  e f f e c t  on t h e  performance of t h e  transducer a t  t h e  

a x i a l  resonance. The bearing cone motion and power consumption w e r e  t he  same as 

those measured previously without t he  mounting r ing  within t h e  10 percent range 

of v a r i a t i o n  normally caused by temperature e f f e c t s  o r  o ther  uncontrolled var iab les .  

The measured a x i a l  motion of t h e  mounting r ing  w a s  very s m a l l  - less than lop in .  

a t  any point .  However, t he re  w a s  considerably more r a d i a l  motion of t he  ring-about 

3 0 ~  i n .  a t  80 v o l t s  dr ive.  This is a matter f o r  concern s ince  it suggests t h a t  when 

t h e  mounting r i n g  is  clamped r i g i d l y  t o  a support s t r u c t u r e ,  t h e r e  w i l l  be more 

r e s t r a i n t  imposed on t h e  transducer.  Additional work is  needed t o  develop a mounting 

arrangement which avoids t h i s  d i f f i c u l t y .  One promising approach i s  t o  use a triangu- 

l a r  o r  square mounting frame i n  place of t h e  c i r c u l a r  r ing.  
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hoop mode motions 

of t h e  transducer with r i g i d l y  posi t ioned mounting po in t s  by f lexure  of t he  s i d e s  

of t he  frame. The frame would be s t i f f  wi th  respect  t o  a s h i f t  in t he  locus of the  

a x i s  of t h e  transducer ye t  f l e x i b l e  enough with respect  t o  hoop mode v ib ra t ions  

of t he  c r y s t a l ,  which do not  e n t a i l  a s h i f t  i n  t he  t ransducer  ax is ,  so t h a t  

t he re  would be l i t t l e  r e s t r a i n t  from attachment t o  a r i g i d  s t ruc tu re .  
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V. CONCLUSIONS AND RECOMMENDATIONS 

The axial-excursion squeeze-film transducer o f f e r s  worthwhile advantages over 

o ther  t ransducer  configurat ions.  Larger bear ing sur face  excursions are poss ib le  

with reduced cyc l i c  stress amplitude in t h e  p i ezoe lec t r i c  d r ive  element and, f o r  

a given excursion amplitude, t h e  power d i s s ipa t ed  i n  t h e  system is lower. I n  t h e  

experiments, bear ing excursion amplitudes of about 250p in .  (half-wave amplitude) 

have been achieved as compared with values of r a d i a l  excursion (weighted f o r  non- 

uniformity of t h e  r a d i a l  excursinn with an axial pos i t ion)  of about 120p i n  t h e  

f ree- f loa t ing  r i n g  configurat ion where t h e  r i n g  serves  as both t h e  bearing and 

the  transducer.  This means t h a t  t he  mean bear ing gap, and therefore  t h e  dimensional 

to le rances  of t h e  components, can be  increased by a f a c t o r  of more than 2. This 

g r e a t e r  than twofold increase  i n  bearing excursion is obtained with a cyc l i c  

u n i t  s t r a i n  i n  t h e  p i e z o e l e c t r i c  dr iver  which is  less than ha l f  as g rea t  as t h a t  

of t h e  f ree- f loa t ing  r ing  configuration. The f ree- f loa t ing  r ing  configurat ion 

consumes about 5 w a t t s  power t o  produce a weighted r a d i a l  excursion amplitude of 

8 0 ~  i n .  The a x i a l  excursion transducer r equ i r e s  less than 1 w a t t  f o r  t h e  same ex- 

curs ion amplitude and about 9 w a t t s  for  25011 i n .  excursion amplitude. The ceramic 

d r i v e  tube temperature never exceeded 100 F a f t e r  prolonged operat ion a t  high ex- 

curs ion amplitude so cool ing does not appear t o  be a ser ious  problem. 

The resonant frequency of t h e  axial-excursion system is lower than t h a t  of t he  

f ree- f loa t ing  r i n g  t ransducer ,  but i t  is  s t i l l  high enough t o  give bearing squeeze 

numbers of s eve ra l  hundred. For squeeze.mumbers g rea t e r  than about 100, squeeze 

frequency has  no s i g n i f i c a n t  e f f e c t  on bear ing performance. 
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so load capaci ty  and s t i f f n e s s  i n  
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be used with t h e  axial-excursion configurat ion 

t h e  r a d i a l  and axial d i r e c t i o n  can be matched 

and one d r ive  element provides support i n  both planes.  

Comparisons between t h e o r e t i c a l  design da ta  and experimental r e s u l t s  and independent 

experimental observations show t h a t  compliance i n  t h e  region of t h e  connection be- 

tween t h e  ceramic d r ive  tube and t h e  f lexure r i n g  can s i g n i f i c a n t l y  reduce t h e  

ove ra l l  d r ive  sec t ion  s t i f f n e s s ,  and therefore ,  adversely a f f e c t s  t h e  transducer 

performance. High compressive preload is  very he lp fu l  i n  minimizing t h e  e f f e c t  

because it s t i f f e n s  t h e  connection. 

Measurements with the  experimental transducer brought out  t h e  f a c t  t h a t  t h e  bearing 

cones d id  not  o s c i l l a t e  as r i g i d  bodies. Instead the re  w a s  a r o t a t i o n  of t he  cone 

cross-section accompanying t h e  osc i l l a t ion .  This is a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  

cone r e s t r a i n s  t h e  edge of t h e  f lexure washer a t  t h e i r  junc ture  and therefore ,  de- 

f l e c t i o n  of t h e  f l exure  is accompanied by a moment on t h e  cone c ross  sec t ion  about 

t h e  f l exure  juncture .  The e f f e c t s  of cone r o t a t i o n  are t o  add t o  the  o s c i l l a t o r y  

nbt ion  i n  t h e  d i r e c t i o n  normal t o  the  bear ing sur face  a t  t h e  I .D .  of t h e  cone and 

s u b t r a c t  from it  a t  t h e  O.D. The e f f e c t  is undesirable  s ince  i t  r e s u l t s  i n  a non- 

uniform bearing sur face  excursion within the  bear ing cone. For t h i s  reason, a smaller 

load can be ca r r i ed  before  a l imi t ing  instantaneous minimum f i lm  thickness  is  

reached at  t h e  cone I .D.  than would be  t h e  case i f  t h e  bear ing cone motion were 

uniform everywhere. 

- 'me most effective a c t i ~ i i  for  zchieving 8 XEOYP iiniform bearing sur face  motion i s  

probably t o  s t i f f e n  t h e  cone by increasing i ts  thickness ,  o r  by adding a c y l i n d r i c a l  

s e c t i o n  extending i n  from t h e  cone I.D. toward the  centerplane of the  transducer.  

The experimental  r e s u l t s  and theo re t i ca l  design da ta  i n d i c a t e  t h a t  a moderate in- 

crease i n  bear ing cone mass, r e su l t i ng  from e f f o r t s  t o  s t i f f e n  t h e  cone, should 



- 
I -  . r e s u l t  i n  s l i g h t l y  higher  excursion amplitudes a t  very l i t t l e  cos t  t o  the  power 

d i s s ipa t ion  o r  system resonant frequency. 

I - .  
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The ove ra l l  r e s u l t s  are clearly encouraging and f u r t h e r  development of the  axial- 

excursion t ransducer  culminating i n  a prototype support  f o r  an a c t u a l  gyro f l o a t  

is e n t h u s i a s t i c a l l y  recommended. Before a prototype u n i t  with prec is ion  bearing 

sur faces  is fabr ica ted ,  a non-precision t ransducer  assembly of t h e  same s i z e  

and with the  same choice of design parameters as t h e  t e n t a t i v e  prototype u n i t  should 

be f ab r i ca t ed  and tes ted .  This preliminary u n i t  should incorpora te  changes aimed 

a t  improved s t i f f n e s s  of t he  ceramic-to-flexure r i n g  connection and a t  improved 

s t i f f n e s s  of t h e  bearing cones. 

1 -  
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Fig. 2 Non-Precision Experimental Axial-Excursion Squeeze-Film Transducer . a) The cylindrical bars cemented to the bearing cone are added 

b) A fiber-optic proximity probe is shown in position for measuring 
weights to investigate effects of bearing mass. 

normal motion at the e.g. 
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Constant Frequency Ratio (v) and Constant Amplification Ratio (C /E ) 
(From Ref. 1). 
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Fig. 6 Illustration of Bearing Cone Motion with Rotation Caused by 
Flexure End Moment (M). 
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Fig. 7 Comparative Motion at Bearing Cone and Clamping Ring 

40 volts rms, 4000 lb preload, midplane suspension ring in-place. 
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Fig. 9 Motion-Frequency Characteristics for Different Drive Voltages 

4000 lbs preload. 
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Fig. 10 Voltage-Amplitude Characteristics for Different Preload Conditions 

Centerplane mounting ring removed. 
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Excursion Amplitude versus Drive Voltage for Bearing with Added 
Weights 

5200 lb preload. Resonant frequencies at each data point are 
given in parentheses. 



STRUCTURE ATTACHMENT POINTS 

MOUNTING FRAME 

CERAMIC TRANSDUCER 

Fig. 13 Flexible-Frame Transducer Mounting Concept 


