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A s  pa r t  of a technology program on Brayton Cycle Space Power Systems 
a turbocompressor fo r  a reference two sha f t  system operating on gas bearings 
w a s  designed and b u i l t ,  under contract, t o  operate on argon. Upon del ivery 
a preliminary exploratory evaluation of t he  turbocompressor w a s  made t o  
reveal  packaging and operating problems which are a r e s u l t  of in tegra t ing  
gas bearings and turbomachinery in to  a s ingle  package. 
include maintaining a f i l m  thickness near 0.0005 inch i n  order t o  avoid 
ro to r  contact due t o  overload or i n s t a b i l i t y  and maintaining moderate 
bearing temperatures f o r  maximum l i f e ,  and f l e x i b i l i t y  t o  accommodate d i f -  
f e r e n t i a l  thermal growth as affected by heat from t h e  turbine and bearings. 

These problems 

The gas bearings have been operated as se l f -ac t ing  on argon a t  the  

C r i t i c a l  speeds appear within t h e  
design speed of 38,500 rpm. 
i n l e t  temperatures of up t o  1000° F. 
range of 2000 t o  20,000 rpm. Two c r i t i c a l s ,  5500 and 8000 rpm, have been 
iden t i f i ed  as t h e  f irst  and second r ig id  body c r i t i c a l s .  
t u r e  measurements indicate  a lack of su f f i c i en t  thermal i so l a t ion  between 
t h e  turb ine  working f l u i d  and t h e  in te rna l  par ts .  The higher than design 
bear ing temperatures could reduce the expected l i f e  of t he  pivots.  S t r a in  
gage bear ing load sensors showed a subs tan t ia l  loss i n  journal bearing 
load. 
because of t he  thermal gradients which they are subjected t o  and because 
they a r e  designed t o  operate under isothermal conditions. 
calculat ions of d i f f e r e n t i a l  growth do not support t h e  s t r a i n  gage ind i -  
ca t ions  of load l o s s .  

The turbine has been operated i n  argon with 

In t e rna l  tempera- 

However, t he  confidence leve l  i n  the  s t r a i n  gages is  very low 

Furthermore, 

Three problem areas  appear t o  require a t ten t ion .  They include the  
apparent threshold of a c r i t i c a l  speed a t  the  design speed of 38,500 rpm, 
t h e  p o s s i b i l i t y  of i n su f f i c i en t  thermal i so l a t ion  between t h e  turbine 
ifilet. am(! t he  in te rna l  par t s ,  and t h e  need fo r  a means o f  obtaining a 
r e l i a b l e  indicat ion of journal  bearing load. 

These r e s u l t s  indicate  t h a t  modifications are needed t o  improve the  
thermal i so l a t ion  between the  turbine and the  in t e rna l  pa r t s  and t o  sense 
jou rna l  bearing load. Other modifications t o  be made include an increase 
i n  the preload of the journalbear ings,  a reducrtion 
t h e  loading diaphragms and a means t o  pneumatically vary the  journal  
bear ing  load. 

i n  the  spring rate of  
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INTRODUCTION 

The L e w i s  Research Center is currently engaged i n  a technology program 
A s  pa r t  of t h i s  t o  study components f o r  Brayton Cycle Space Power Systems. 

program, a 10 KW-two sha f t  Solar Brayton System using argon as the  working 
f l u i d  w a s  se lected as a reference system f o r  fu r the r  study ( r e f .  1). 
Figure 1 shows a schematic diagram of the reference two shaf t  system. Com- 
ponents f o r  t h i s  system are being procured under contract  f o r  ground system 
evaluation a t  t h e  L e w i s  Research Center. 

For a space power system, it is desirable t o  use bearings lubricated 
with cycle gas and t h a t  t h e  ro t a t ing  components on a common shaf t  be con- 
ta ined i n  one housing. This provides compactness, g rea t ly  s implif ies  t he  
sha f t  sea l ing  problem, and eliminates the need f o r  an ex terna l  lubr ica t ion  
system. 

A s  pa r t  of t he  technology program a turbine compressor with gas bearings 
on a common shaf t  f o r  t h e  reference system w a s  designed, fabr icated under 
contract ,  and delivered f o r  evaluation. This turbine-compressor is shown 
i n  f igu re  2 and w a s  designed fo r  an argon weight f l o w  of 0.611 lbs/sec. 
The compressor w a s  designed f o r  a t o t a l  pressure r a t i o  of 2 .3  while t he  
turbine w a s  designed f o r  a t o t a l  pressure r a t i o  of 1.56. 
bearings are designed with self-act ing pivoted pads using three  sec tors  
and f o r  argon lubrication. 
includes e ight  se l f -ac t ing  stepped pads. 
bearing lubr ica t ion  is  maintained w i t h  external  pressurization. 

The journal  

The compressor side of t h e  t h r u s t  bearing 
For s ta r t -up  and shutdown, 

The integrat ion of a 1500' F turbine with a moderate temperature com- 
pressor and gas bearings t h a t  require isothermal conditions and moderate 
operating temperature in to  a s ingle  u n i t  presented the  problem of main- 
t a in ing  a lubricat ion f i l m  thickness o f  0.0005 inch t o  prevent contact 
between t h e  shaf t  and shoes. Thermal b a r r i e r s  t o  provide thermal i so l a t ion  
and hea t  shunts t o  provide isothermal conditions a re  incorporated in to  the  
design. I n  addi t ion a f lex ib le  mounted shoe is used t o  accommodate d i f -  
f e r e n t i a l  thermal expansion. 

Upon del ivery of t he  turbocompressor a preliminary exploratory study 

The experimental invest igat ion 
w a s  made of mechanical and dynamic behavior of t he  delivered hardware as 
a f f ec t ed  by ro tor  speed and turbine heat. 
consisted of slowly varying speed, weight f low,  and turbine i n l e t  tempera- 
ture while observations o f  sha f t  motions, i n t e rna l  temperature d is t r ibu t ions ,  
and mechanical react ions t o  expansion were made. 
t e s t e d  with turbine i n l e t  temperatures up t o  1000° F and speeds up t o  
38,500 rpm with gas bearings operating as se l f -ac t ing  and ex terna l ly  
pressurized lubricat ion.  

Zie t i . i l " v l n ~ - ~ o i q r ~ s o c r  ::&E 

Included i n  t h i s  report  are descriptions o f  t he  tes t  and apparatus 
toge ther  with observations and resul ts .  Included a l so  are modifications 
t o  be made as a r e s u l t  of t h i s  investigation. 
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SYMBOLS 

C 

Pa 

R 

R 

A 

IJ. 

bearings clearance (difference between bearing i n .  
and journal r a d i i )  

l b  s / in2 -ab s amb i ent  pres sure 

journal radius in .  

angular veloci ty  Radians /se c 

bearing compressibil i ty number 

lb/sec - i n2  lubr  i cant v i s  co s it y 

TITRBO-COMPRESSOR DESIGN CONDITIONS 

The design conditions f o r  t he  subject turbo-compressor package are 
as follows: 

Turbomachinery 

Working f l u i d  
Mass flow rate, lb/sec 
Turbine i n l e t  temperature, OR 
Turbine i n l e t  pressure, - -ps i a  
Turbine t o t a l  pressure r a t i o  
Compressor i n l e t  temperature, O R  

Compressor i n l e t  pressure, -psis 
Compressor t o t a l  pressure r a t i o  
Speed, rpm 

Gas Bearings 

Working f l u i d  
Ambient temperature, OF 
Ambient pressure, ps ia  
Bearing number, h ( jou rna lbea r ings )  

Argon 
0; 611 
- 1930 

13.2 
1.56 
536 
6.0 
2 . 3  

38,500 

Argon 
500 
12  
1 .5  

TURBO-COMPRESSOR PACKAGE DESCRIPTION 

The turbo-compressor as designed t o  meet t h e  design conditions l i s t e d  
i n  t h e  previous sect ion is  shown i n  sec t iona l  view i n  f igure  3. 
inflow turbine and centr i fugal  compressor are mounted on the  ends of a 
common shaft  with two journals and a t h r u s t  runner between them. Each 
journa l  bearing includes three  se l f -ac t ing  pivoted pads using argon f o r  
lubricat ion.  
e igh t  self-act ing stepped pads with argon gas f o r  lubrication. 
a c t i n g  gas bearings are provided with external  pressurization for lubr i -  
ca t ion  during s tar t  and shutdown. 

The r a d i a l  

The compressor side of t h e  th rus t  bearing is  designed using 
The self- 

The turbine s ide  of t h e  t h r u s t  bearing 
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i s  a p la in  external ly  pressurized bearing. 
of the  components w i l l  follow. 

A more complete descr ipt ion 

A photograph of the turbine wi th  the i h l e t  s c r o l l  and ro tor  housing 
removed i s  shown i n  f igu re  4. The turbine ro to r  has a diameter of 6.02 
inches at t h e  i n l e t  and 4.29 inches a t  t h e  out le t .  There a re  eleven ro to r  
vanes and eleven s p l i t t e r  vanes. The s p l i t t e r  vanes are used t o  reduce 
the  gas loading on t h e  i n l e t  portion of the  ro to r  vanes. 
sisted of 14  vanes which are fabricated as in t eg ra l  parts of t he  i n l e t  
s c r o l l  and ro to r  housing. Aerodynamic design information, including the  
veloci ty  diagrams and blade surface ve loc i t ies  may be found i n  reference 2. 

The s t a t o r  con- 

G mpres  s or 

A photograph of the compressor with t h e  o u t l e t  s c r o l l  and ro to r  hous- 
ing removed i s  given i n  f igure  5. 
3-1/2 inches at  the  i n l e t  and 6 inches at the out le t .  
on the ro to r  and 23 vanes i n  t h e  diffuser.  

The compressor ro to r  has a diameter of 
There a re  15 vanes 

Journal Bearings 

The journal bearings are designed w i t h  se l f -ac t ing  pivoted pads, each 
w i t h  four  o r i f i ce s  f o r  external  pressurization as shown i n  f igu re  6-a,b. 
The pivot i s  located 65 percent of the pad length from the  leading edge. 
The journal bearing pad and shaf t  surfaces and the pivot b a l l  and socket 
surfaces are tungsten carbide. The pivots are designed using s l id ing  con- 
t a c t  between b a l l  and socket. Four o r i f i ce s  a re  used i n  each pad f o r  ex- 
t e r n a l  pressurizat ion f o r  lubricat ion during start and shutdown. A s  shown 
i n  f igu re  6 c, t he  ba l l s  f o r  two of the  pads are mounted r i g i d l y  while t h e  
b a l l  on the t h i r d  pad i s  mounted on a f l e x i b l e  diaphragm w i t h  a nominal 
spr ing rate of 4000 lbs/in.  The diaphragm allows the  journal bearing t o  
be pre-loaded t o  maintain s tabi l i ty ,and t h e  f l e x i b i l i t y  of the diaphragm 
allows the bearing t o  accommodate some d i f f e r e n t i a l  growth due t o  thermal 
e f fec ts .  

Thrust Bearings 

During normal operation the net thrust  on the ro to r  i s  toward the  
empressor. T1.eref~re; a self-act ing bearing w a s  designed t o  control  t h e  
t h r u s t  i n  t h i s  direct ion.  
stepped bearing with e ight  lands as shown i n  f igure  7. 
are provided with external  pressurization o r i f i c e s  (a  t o t a l  of four  o r i -  
f i c e s ) .  
ing s ta r t -up  and shutdown t o  prevent accidental  rubbing, even though t h e  
thrust  i s  normally toward the  turbine during these manuevers. 

The se l f -ac t ing  thrust  s t a t o r  i s  a Kayieign- 
Alternate lands 

This external  pressurization capabi l i ty  i s  provided f o r  use dur- 

For s ta r t -up  and shutdown, an external ly  pressurized t h r u s t  s t a t o r  
i s  provided t o  accommodate th rus t  toward the turbine. A t o t a l  of s i x  o r i -  
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f i c e s  are used. 

The t h r u s t  runner surfaces a re  coated with tungsten carbide. The 
two th rus t  s t a t o r s  are r ig id ly  mounted together. 
mounted i n  a gimbal assembly as shown i n  f igu re  8 which allows t h e  s t a t o r s  
t o  pivot i n  all directions.  
assembly freedom t o  follow any excursions tha t  t h e  th rus t  runner mw go 
through as w e l l  as changes i n  mount geometry due t o  thermal growths. 

The s t a t o r  assembly i s  

The gimbal assembly allows t h e  th rus t  s t a t o r  

Mechanical Design 

Shown i n  f igure  9 are the  mechanical design fea tures  used t o  control  
t h e  i n t e r n a l  temperature of t he  package. 
hot turbine and the  r e s t  of t h e  package i s  obtained by t h e  use of extended 
heat paths such as Sellows on outer  housing, radiat ion shielding with sur- 
faces of low emissivity, minimum cross-sectional areas t o  heat flow, and 
high res i s tance  heat paths such as curvic couplings and bolted flanges. 
Isothermal conditions, where required, are approached by the  use of copper 
heat  shunts as shown i n  f igure  9. 

Thermal i so l a t ion  between the  

The heat generated by the  self-act ing journal bearings and heat flow- 
ing from the  turbine a re  removed by a cooling flow (up t o  1.0 percent of 
t h e  system flow) and by t h e  use of the compressor ro to r  as a heat sink. 
The cooling flow i s  bled from the  compressor and cooled with a heat  ex- 
changer t o  looo F before it i s  brought i n t o  the  journal bearing cavi t ies .  
The cooling gas flows over t he  journal pads and leaves t h e  bearing cavi ty  
through t h e  labyrinth sea l s  t o  be discharged i n t o  the  turbine and compres- 
sor flows as shown i n  f igure  9. 

APPARATUS AND PROCEDUIiE 

Test Loop 

The tes t  loop, as designed, i s  shown i n  f igure  10 where it can be 
seen t h a t  t h e  turbine and compressor were intended t o  be operated i n  sepa- 
rate loops, t he  turbine i n  argon and t h e  compressor i n  air. With t h i s  fa- 
c i l i t y  t i g h t l y  sealed, turbine i n l e t  temperature of 1500' F a re  possible. 

Tracing t h e  argon flow through the  loop, s t a r t i n g  with the  inventory 
cont ro l  which var ies  t h e  amount of argon i n  t h e  system depending on the  
spe+i r ,g  canr?it,ions of t h e  loop ,  the argon i s  first passed through t h e  
f a c i l i t y  compressor which r a i se s  the pressure of t he  argon t o  t h e  desire; 
l eve l .  The f a c i l i t y  compressor i s  provided with controls including t h e  
o u t l e t  pressure control  and the  c r i t i c a l  flow nozzle. Since t h e  f a c i l i t y  
compressor operates at  subatmospheric conditions, it i s  provided with sha f t  
seals t h a t  must be buffered with argon i n  order t o  prevent contamination 
of the argon with air. I n  order t o  minimize t h e  argon buffer  gas usage, 
a bu f fe r  seal gas system i s  used t o  r ec i r cu la t e  t h e  buffer  gas t h a t  leaks 
i n t o  t h e  f a c i l i t y  compressor. 
compressor must be replaced. 

The buf fer  gas t h a t  leaks from the  f a c i l i t y  
This i s  another function of t he  inventory 
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control. 
control  are used t o  assure t h a t  t he  f a c i l i t y  compressor ou t l e t  pressure 
i s  maintained constant. The c r i t i c a l  flow nozzle i s  of t h e  ventur i  type 
with a d i f fuse r  t h a t  has a recovery coef f ic ien t  of 0.9. 

The c r i t i c a l  flow nozzle and t h e  compressor o u t l e t  pressure 

Next, t he  flow passes through the hea ter  where it i s  heated t o  the  
desired temperature level .  From the  heater  t h e  flow passes through a 2 
micron f i l t e r .  
reduce the  poss ib i l i t y  of dust  pa r t i c l e s  working t h e i r  way i n t o  the  gas 
bearings and thereby causing a bearing f a i l u r e .  

The f i l t e r  was ins t a l l ed  as a precautionary measure t o  

From the  f i l t e r  t h e  flow i s  s p l i t  between the  turbine and the  t u r -  
The valve i s  used t o  maintain the  bine i n l e t  pressure control  valve. 

desired pressure at  the  turbine i n l e t  by passing a portion of t he  flow 
around the  turbine.  Flow from the  f i l t e r  passes through the  turbine 
where power i s  extracted and then through the  turbine speed control  valve 
which var ies  the  power output of the turbine t o  maintain the  desired 
speed. 

From the  turbine speed control  valve t h e  flow then passes through 
the  cooler before it begins t h e  cycle again. 
u re  10, with a spring r a t e  of approximately 45 lbs/in.  were used between 
the  piping and the  package t o  minimize piping loads due t o  thermal expan- 
s ion on the  package. 

Bellows, as shown i n  f i g -  

For the  research compressor, air flow from the  Lewis Pressurized 
Air F a c i l i t y  first passes through an  absolute pressure regulator  before 
going t o  the  research compressor. 
charged through a t h r o t t l e  valve i n  the  Lewis Alt i tude Exhaust Fac i l i ty .  

From the  compressor t he  air  i s  d i s -  

By control l ing t h e  pressure l eve l  t h a t  t he  research compressor oper- 
a t e s  at, it i s  possible  t o  control its power requirements. 

A i r  Tests 

Due t o  mechanical d i f f i c u l t i e s  with the  f a c i l i t y  compressor, it was 
decided t o  do the  i n i t i a l  t e s t i n g  using air  through the  turbine r a the r  
than argon. This eliminated the  immediate need f o r  t he  f a c i l i t y  compres- 
sor  and resu l ted  i n  the  modified t e s t  loop as shown i n  f igu re  11. 

This loop i s  the o r ig ina l  loop r r i i r l u s  the faeill5y c m ~ r e s s o r  m d  i t s  
controls .  
cont ro l led  by a pressure regulator  valve. 
as i n  the  o r ig ina l  design except t h a t  a f t e r  leaving the  cooler t he  air  i s  
exhausted t o  the  room. 
designed t o  operate with a f a c i l i t y  compressor and argon as t h e  working 
f l u i d  imposes a l i m i t  on the  turbine i n l e t  temperature t h a t  can be achieved 
i n  t h i s  t e s t .  This r e s u l t s  from the f a c t  t h a t  t h e  f a c i l i t y  compressor had 
a discharge temperature of 500' F whereas the  f a c i l i t y  air  i s  at room tem- 
pera ture  of about 800 F. Further, a i r  has a spec i f i c  heat of twice t h a t  

The a i r  enters  from the  Lewis pressurized a i r  system and i s  
The flow i s  through the  loop 

The use of a i r  i n  t h e  tes t  apparatus which w a s  
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of argon. 
of t he  air  i s  only ha l f  that of the argon. 
a f t e r  ca l led  Test 1, it was necessary t o  operate the  compressore at .5 
p s i a  and turbine i n l e t  conditions of 20 p s i a  and 500° F t o  g e t  a speed of 
38,500 rpm i n  the package. 
with f u l l  heater  output. 

Which means f o r  t he  same energy input,  the  temperature increase 
With t h i s  arrangement, here- 

This was the  m a x i m u m  turbine i n l e t  temperature 

The f irst  s e r i e s  of t e s t s  was conducted with the  t h r u s t  bearings ex- 
t e r n a l l y  pressurized wi th  argon and the journal bearings i n  se l f -ac t ing  
mode of operation on argon. 
temperatures, it w a s  necessary t o  reduce the turbine weight flow. This 
w a s  accomplished by operating the  turbine at subatmospheric pressures and 
at  higher pressure r a t i o s  than the  f i rs t  t e s t  t o  permit higher turbine in-  
l e t  temperatures without exceeding operating l i m i t s  w i t h  air. Trace heat-  
e r s  were placed on t'ne pipes upstream of t he  hea ter  and between the hea ter  
and turbine t o  f u r t h e r  increase the turbine i n l e t  temperature. For t h i s  
s e r i e s  of t e s t s ,  t he  heater  was limited t o  a temperature of 12000 F t o  pre- 
vent oxidation and scaling. This resul ted i n  a turb ine  i n l e t  temperature 
of 870' F. Reduced pressure w i t s  achieved by discharging the  air i n t o  t h e  
Lewis Alt i tude Exhaust System ra the r  than t h e  room as i n  Test 1. 
diagram f o r  T e s t  2 i s  shown i n  f igure  12 .  The remaining apparatus i s  the  
same as i n  Test 1. Detai ls  of the t e s t  w i l l  be given i n  a later section. 

I n  order t o  continue t h e  air  tes t  t o  higher 

The loop 

Argon Tests 

With t h e  d i f f i c u l t i e s  i n  the  f a c i l i t y  compressor corrected t h e  hot 
loop using argon was used as shown i n  f i gu re  10. 

Hereafter t h i s  t es t  shall be ca l led  T e s t  3. The loop operates exactly 
as was designed and was discussed earlier. Due t o  thermal cycling, leaks 
opened i n  some of the  loop expansion j o i n t s  and were bad enough t o  contam- 
i n a t e  the  loop argon w i t h  5 t o  10 percent air. This, of course, posed the  
problem of oxidation and scal ing i n  the  heater. 
d i f f i c u l t  t o  r epa i r  without complete disassembly it w a s  decided t o  proceed 
a t  a reduced temperature. 
l imited the  turbine i n l e t  temperature t o  1000° F. 
be discussed i n  a l a t e r  section. 

Since the  leaks were s o  

A l i m i t  of 1300' F was set  upon the hea ter  which 
Details of the tes t  w i l l  

A photograph of the t es t  f a c i l i t y  w i t h  t he  f a c i l i t y  compressor is  
given i n  f igu re  13 and a photograph of the  turbo-compressor i n s t a l l a t i o n  
4 pl nL-,hr.m 
LU " l l " W L 1  i:: f5gure 14. 

INSTRUMENTATION 

The instrumentation used t o  measure and record the performance of the  
turbocompressor i n  the  three  tes ts  are as follows. 

Chromel-Alumel thermocouples were used t o  measure all temperatures. 
Turbine i n l e t  temperatures were measured by a bare  spike t o t a l  temperature 
rake located approximately 2 inches upstream of the  turb ine  i n l e t  s c r o l l  



a 

flange. In t e rna l  package temperaturesum3 f o r  thermal mapping were mea- 
sured w i t h  bare spike thermocouples spot welded t o  in t e rna l  pa r t s  of t he  
package. Fifty-four thermocouples were used f o r  t h i s  purpose. The loca- 
t i on  of these thermocouples can be seen i n  the  Figure given with table I. 
Two or more thermocouples were located at  c r i t i c a l  temperature points 
such as those i n  the bearing areas. 

S t ra in  gage type pressure transducers were used t o  measure system 
pressures. S t a t i c  taps and t o t a l  pressure probes were located 2 inches 
upstream and downstream of the turbocompressor i n l e t  and out le t ,  respec- 
t ively.  

The journal bearing loads were measured using weld type bonded wire 
s t r a i n  gages. 
a r m  bridge configuration as shown i n  f igure  15. 

These gages were welded t o  the  bearing diaphragm i n  a four  

The speed w a s  measured w i t h  a high temperature magnetic-type pickup. 
Six magnetic blocks were imbedded i n  t h e  shaft f o r  t h i s  purpose. 
frequency output w a s  fed  in to  an electronic  frequency counter. 

The 

A l l  temperatures, pressures, speed, and bearing loads were recorded 
on s t r i p  chart  potentiometers. A t  se lected in te rva ls  i n  t i m e ,  temperature, 
pressure, and speed,data was recorded by an automatic data recorder and 
processed through a d i g i t a l  computer. 

"he shaf t  motions were measured using capacit ive proximity in s t ru -  
mentation consisting of non-contact sensing probes and high frequency 
osci l la tor-amplif iers .  
and the sensed object,  i n  t h i s  case the shaf t  o r  the  th rus t  bearing runner, 
gives a proportional change i n  capacitance which i n  turn changes the  ampli- 
f i e r  output voltage. 
t i n g  cha rac t e r i s t i c s  of the  bearings as shown i n  f igure  16. Two probes 
were located i n  close proximity t o  the compressor journal bearing. The 
probes were placed approximately .004 inches from the  shaf t  surface and 
loca ted  90' apart t o  give the  
t i v e  t o  the housing. 

A change i n  dis tance between the  sensing probe 

A t o t a l  of s i x  probes was used t o  measure the opera- 

x and y axis movements of t he  shaf t  rela- 

Two probes were located approximately .004 inches from t h e  shaf t  sur- 
face  i n  c lose proximity t o  the turbine journal bearing. 
sur ing  t h e  x axis displacement of the compressor and turbine journal bear- 

placement are a l so  located together i n  the  same plane. 

The probes mea- 

_. ~~lgjb .. -_ l~c&& $k;e czze nlc,nn %-e pwhw measuring the  N axis dis- 

Two probes were used t o  measure the  gas f i l m  thickness between t h e  
t h r u s t  bearing s t a t o r s  and the thrus t  runner. 
t h e  t h r u s t  s t a t o r  d i r ec t ly  opposite each other. 

The probes were mounted on 

The displacements from a l l  capacit ive instrumentation were continually 
monitored on dual beam oscilloscopes and at t h e  same t i m e  recorded along 
with t h e  speed on an FM magnetic tape recorder. This da ta  was played back 
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and filmed a f t e r  each t e s t  and t h e  dynamic charac te r i s t ics  were then ana- 
lyzed by frame-by-frame projection using a photo-optical analyzer. 

TEST PROGRAM AND RESULTS 

During all three  t e s t s  t h e  bearings were operating with argon, and 
the  compressor was operating on air at all times. 
a ted as follows: 
Test 2-Turbine i n l e t  temperature of 800' F with air, and Test 3-Turbine 
i n l e t  temperature of 1000° F w i t h  argon. Each tes t  consisted of gradu- 
a l l y  varying speed, flow rate, and turbine i n l e t  temperature while obser- 
vations were made of sha f t  motions, temperature d is t r ibu t ions ,  and package 
reactions . 

The turbine was oper- 
Test 1-Turbine i n l e t  temperature of 500° F with air, 

Test 1-T'mbine I n l e t  TemTerature of 500° F 

I n  it 's f irst  t e s t ,  t h e  package was run at t h e  contractor's f a c i l i -  
t i e s  f o r  5 hours with t h e  turbine and compressor operating i n  air, while 
t h e  journal bearings were operated self-act ing and t h e  th rus t  bearings 
were operated external ly  pressurized. 
ca te  t h i s  test. 

The f irst  inhouse t e s t  would dupli- 

The purpose of duplicating t h i s  tes t  w a s  t o :  

1. Obtain t h e  operating charac te r i s t ics  of t he  delivered gas bearings. 

2. To assure t h a t  t h e  package did not sus ta in  damage during shipment. 

This inhouse tes t  i s  shown i n  f igure  1 7  where speed (rpm), turbine 
i n l e t  temperature (*), and compressor and turbine journal load ( l b )  are 
p lo t t ed  against  t i m e  (hr) .  From the Figure it can be seen t h a t  t h e  pack- 
age w a s  s t a r t e d  with external  pressurization and speed i s  negative at  
approximately 200 rpm. The speed was brought up t o  38,000 rpm i n  steps.  
Short ly  after reaching 38,000 rpm there  is  a rapid drop i n  speed due t o  
a malfunction i n  a control  c i r c u i t  causing an automatic shutdown. 

After correcting the  f au l t ,  the package was r e s t a r t ed  and brought t o  
38,000 rpm. 
t h e  speed was maintained between 38,000 and 38,500. 
i n l e t  temperature shows a rapid r i s e  from room temperature t o  about 3000 F. 
Frcm gCCo F the t ~ r h i n e  inlet .  temFerature i s  gradually brought up t o  about 
500' F. 
matic shutdown. I n  the  p lo t  of indicated bearing loads only the  compres- 
sor end journal i s  shown f o r  t he  complete t es t  while t he  turbine end jour- 
n a l  i s  shown only f o r  se l f -ac t ing  operation because the  turbine da ta  f o r  
t h e  remainder of t he  run w a s  misplaced. 
subsequent tests, t h e  indicated turbine journal bearing load behaves i n  
a manner s i m i l a r  t o  t he  indicated compressor load curve shown. It should 
be  noted, t h e  term "indicated turbine and compressor journal bearing load" 
i s  used because of t h e  low l e v e l  of confidence i n  t h e  s t r a i n  gages when 

Upon placing the  journal bearings i n t o  self-act ing operation, 
The p lo t  of turbine 

The dip i n  temperature at about 2 hours was caused by t h e  auto- 

However, as w i l l  be seen from 
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they are subjected t o  temperature gradients. 
cussion t h i s  should be kept w e l l  i n  mind so  t h a t  t h e  discussion would not 
be misleading. 

During the  following d is -  

From the indicated compressor journal bearing load curve, it can be 
seen t h a t  t he  load i s  f a i r l y  steady u n t i l  t h e  u n i t  is  accelerated. There 
i s  a s m a l l  r i s e  i n  load as t h e  uni t  i s  accelerated t o  38,000 rpm and then 
t h e  indicated load falls rapidly with decrease i n  speed and increases 
with speed as it i s  accelerated a f t e r  t he  shutdown. From t h e  peak indi-  
cated load, there  i s  a t rend of decreasing load with t i m e .  Further, as 
t h e  journal bearings a re  placed i n  self-act ing operation (external  pres- 
sur iza t ion  removed), t he re  i s  about a 3 l b  drop i n  load. Under s e l f -  
act ing journal bearing operation there  i s  a continued gradual drop i n  
load u n t i l  external  pressurization is  returned and the re  i s  a continued 
grad.Gal drop i n  load . inti1 external  pressurizat lon is  returned and there  
i s  an associated increase i n  load of about 3 lbs.  From f igu re  1 7  it can 
be seen t h a t  t h e  journal bearings were operated under se l f -ac t ing  condi- 
t i ons  f o r  about one hour. 

Throughout t h e  test  the  temperature d i s t r ibu t ion  within t h e  package 
and t h e  radial and a x i a l  excursions of the shaf t  were monitored and re-  
corded and w i l l  be discussed i n  a subsequent section. 

Test 2-Turbine I n l e t  Temperature Increased t o  800' F 

The purpose of t h i s  t e s t  was t o  operate t h e  package with a turbine 
i n l e t  temperature s ign i f icant ly  above the  previous tes t  t o  determine how 
temperature d is t r ibu t ions  change as t h e  turbine i n l e t  temperature i s  
increased and t o  determine t h e  package reaction t o  higher temperatures. 

This tes t  was s i m i l a r  t o  Test 1 which was l imited t o  a temperature 
of 5000 F by heater  output and turbine weight flow. 
an increase i n  turbine i n l e t  temperature t h e  turbine weight f l o w  w a s  
reduced by reducing the  turbine i n l e t  pressure and discharging t h e  tu r -  
bine exhaust i n t o  the  a l t i t u d e  exhaust system. 
sca l ing  within t h e  loop due t o  operation i n  air, t h e  heater  w a s  l imited 
t o  1200' F. This l imited the  turbine i n l e t  temperature t o  about 800' F. 
This precaution was taken because of t h e  poss ib i l i t y  of sca le  pa r t i c l e s  
f inding t h e i r  w a y  i n t o  t h e  bearings and causing a bearing f a i lu re .  

In  order t o  achieve 

I n  order t o  prevent 

_ _  A ~'lnt. nf speed (r~m); t .iiyhine i n l e t  temFerature (OF), and indicated 
turb ine  and compressor journal bearing load as a function of time (h r )  
are p lo t t ed  i n  f igure  18 f o r  t h i s  run. 

Although not shown, the  speed w a s  maintained at  about 2000 rpm 
while t he  turbine i n l e t  temperature w a s  being brought up t o  3750 F by 
t h e  heater. 
package was brought up t o  35,000 rpm rapidly. From 35,000 r p m  t h e  speed 
was gradually increased t o  38,000 rpm. The dips i n  speed i n  going t o  
38,000 were caused by changes i n  compressor and turbine operating condi- 

A t  a turbine i n l e t  temperature of 375' F t h e  speed of t h e  
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t ions.  
made t o  achieve changes i n  turbine i n l e t  temperature, The turbine i n l e t  
temperature w a s  gradually increased t o  825' F. A s  i n  t he  previous tes t  
t h e  indicated load rises as speed is  increased then drops rapidly with 
time. It i s  seen t h a t  the  indicated turbine load drops more rap id ly  a t  
first than t h e  indicated compressor load. The dips  i n  the  indicated load 
curves between 1 /2  hour and 1-1/2 hours occurred when cooling flow r a t e  
and/or cooling flow temperature was varied. The dips i n  the  indicated 
load curves between 1-1/2 hours and 2-1/2 hours are caused by the  dips 
i n  speeds. 
zation w a s  reduced t o  about 1 /2  and the cooling flow temperature and 
cooling flow rate adjusted t o  stem the t rend of indicated load l o s s . .  
With the  indicated loads a t  9-1/2 pounds and 8-1/2 pounds f o r  t he  turbine 
and compressor end journals,  respectively,  t he  t r a n s i t i o n  t o  se l f -ac t ing  
operation i n  the  journals vas b e w  and it can be no%ed t h a t  t h e  indicated 
load drops 2 pounds rapidly as the  external pressurization is cut of f .  
A t  t he  completion of the  t r a n s i t i o n  the compressor indicated load i s  
down t o  6-1/2p&while the  turbine indicated load i s  up t o  10-1/4 pounds. 
During self ac t ing  operation the  indicated turbine load drops t o  7 pounds 
while t h e  indicated compressor load gradually r i s e s  t o  7 pounds then falls  
'back t o  6-1/2 pounds. 
t he  indicated turbine journal load recovers 4 pounds while the  indicated 
compressor journal bearing load recovers 3-1/2 pounds. The recovery i n  
load is  followed by a rapid decrease in  load and then i s  followed by 
another sharp r i s e  i n  the  indicated turbine journal load i n  a l e s s e r  
r ise i n  the  compressor load, a s  the  turbine i n l e t  temperature is  reduced. 
Then as speed is  reduced t h e  load falls off again. 

The change i n  compressor and turbine operating conditions were 

During t h i s  period the  normal th rus t  bearing external  pressuri-  

I n  the  t r ans i t i on  back t o  external  pressurizat ion 

A s  i n  t he  previous t e s t  t h e  in t e rna l  temperature d i s t r ibu t ion  of t he  
package and the  radial and ax ia l  motion of t he  sha f t  were monitored and 
recorded and w i l l  be discussed i n  a subsequent section. 

T e s t  3-Turbine I n l e t  Temperature Increased t o  1000° F 

The purpose of t h i s  t e s t  w a s  t o  bbtain the  in t e rna l  temperature d is -  
t r i b u t i o n  and package mechanical reaction t o  s t i l l  higher turbine i n l e t  
temperatures. This w a s  done by taking advantage of t h e  lower spec i f ic  heat  
of argon t o  get higher temperatures. 
a i r  leakage in to  the  loop amounts t o  5 t o  10 percent of t h e  argon and again 
posed the problem o f  sca l ing  within the loop. 
air fer th i s  t es t .  WBS I n w e r  then t h e  previous tes t  t h e  l i m i t  on heater  
temperature w a s  increased t o  1300' F. 

Because of subatmospheric operation, 

Since the  concentration of  

Figure 1 9  presents t h e  var ia t ion i n  speed ( R a i l ) ,  turbine i n l e t  tem- 
pera ture  (OF), and indicated load i n  the  compressor and turbine journal  
bear ing with time (hr.) fo r  Test No. 3. Similar t o  Test No, 2 t he  speed 
w a s  maintained a t  about 2000 until t h e  turbine i n l e t  temperature reached 
4-00' F. The speed w a s  ra ised t o  20,000 and held f o r  10 minutes and then 
r a i sed  t o  38,000. The dips i n  speed are again caused by changes i n  com- 
pressor  and turbine operating condition, t o  achieve changes i n  turbine 
wieght flow and therefore  changes i n  tu rb ine  i n l e t  temperatures. From 
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400' F 
The indicated load i n  the  compressor and turbine journal bearings show t h a t  
t he  indicated turbine end journal bearing load drops off  i n i t i a l l y  t o  
9.7 pound& and then recovers and levels  off  a t  about 12-1/2 pounds while 
the  indicated compressor end journal bearing load drops of f  t o  about 
7-1/2 pounds and leve ls  off.  No attempt w a s  made t o  make the  t r a n s i t i o n  
in to  se l f -ac t ing  operation i n  the  journal bearings because there  i s  a 
3 pound loss i n  load i n  making t h i s  t rans i t ion .  A 3 pound loss would 
reduce the  compressor journal bearing load t o  4.5 pounds which is  very 
near t h e  threshold of whirl. 

t he  turbine i n l e t  temperature is  gradually brought up t o  1000° F. 

The cooling and external  pressurization conditions used i n  T e s t  No. 2 
were se t  t o  stem t h e  t rend of indicated load loss. When t h e  load f i n a l l y  
leveled out  a t  about 2 hours t h e  cooling flow rate, cooling flow temperature, 
and external  pressurization on the  normal th rus t  bearing were varied 30 per- 
cent i n  e i t h e r  d i rec t ion  without s ign i f icant  change i n  indicated load i n  
e it her j ournal bear ing . 

DISCUSSION OF FESULTS 

The r e s u l t s  obtained from t h e  t e s t  program described i n  the  previous 
sect ion w i l l  be discussed as follows: (1) Bearing operating charac te r i s t ics ,  
( 2 )  In t e rna l  temperature dis t r ibut ions,  Qnd (3) Indicated l o s s  i n  journal  
bearing load. 

Turbo - Co mpr e s s o r  Shaft Mot ions 

The r e l a t i v e  r a d i a l  motions between the  ro tor  and t h e  frame, and 
r e l a t i v e  axial motions between th rus t  runner and s t a t o r  were monitored and 
recorded during tes t ing .  Presented in figure 20 a r e  some of t he  typ ica l  
r a d i a l  motions as observed over the  speed range investigated. In  comparing 
the  shaft excursions f o r  t h e  three  t e s t s  it w a s  found t h a t  t he  peaks i n  
amplitude when going through t h e  c r i t i c a l  speeds sh i f t ed  not only i n  
magnitude but  a l so  i n  speed. The magnitudes of t h e  peak excursions changs 
as much as 30 percent and the  speed changes as much as 2000 Ppm. 
as s i x  excursions have been observed within t h e  range from 2000 t o  
20,000 rpm. I n  view of these shifts a p lo t  which covers a l l  observed 
excursions f o r  a l l  three tests i s  shown f o r  t h e  turbine and compressor 
journa l  bearing and the  thrust bearing i n  f igure  21(a), (b ) ,  and ( c ) ,  
respectively.  
zat ion t h e  turbine and journal excursions increase rapidly t o  a value of 
~ 2 4 ~ 0 - 1  inches a t  sic0 ppm. 
m a x i m u m  displacement decreases t o  0.24~10'3 inches a t  about 26,000 rpm. 
From 26,000 t o  34,000 j3pMthe m a x i m u m  displacement is constant. Between 
34,000 and 38,500 rpm the  m a x i m u m  displacement increases from 0 . 2 4 ~ 1 0 ~ ~  
inches t o  0 . 5 ~ 1 0 ' ~  inches. 
bear ing operation the  peak displacements of t h e  excursions are s l i g h t l y  
lower than f o r  ex terna l ly  pressurized operation. The rise i n  displacement 
i n d i c a t e s t h a t  the  packageisat€kthreshold of another c r i t i c a l  speed or 
t h a t  t h e r e  is  a sh i f t  i n  unbalance of t he  rotor.  The maximum excursion, 
however, is  only 0.5~10-~ inches and is  considered qui te  safe a t  38,500 rpm. 

A s  many 

From f igure  21(a) it can be seentkat  f o r  external  pressuri-  

- men as speed is  Iurtner increased tne 

It can also be  seen t h a t  f o r  se l f -ac t ing  
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The slope of t he  curve a t  38,500 rpm indicates  t h a t  t h e  shaf t  displacement 
would increase rapidly above 0 . 5 ~ 1 0 ' ~  inches as speed i s  increased above 
38,500 rpm. This i s  of concern because accidental  overspeeds could r e s u l t  
i n  speed above 38,500 rpm. 

The maximum excursions of t h e  compressor end journal as shown i n  

The maximum displacement reaches a peak of 
Fur her  increases  i n  speed r e s u l t  i n  

inches at 20,000 rpm. From 

f igure  21(b) ind ica te  t h a t  t he  sha f t  excursion increases as speed i s  
increased above 2000 rpm. 
1.44~10~~ inches a t  about 8200 rpm. 
a decrease i n  t h e  excursions t o  0.18~l.O 
20,000 rpm t o  31,000 rpm the  peak shaf t  excursion remains a t  0 . 1 8 ~ 1 0 - ~  
inches. From 31,000 t o  35,000 r p m  there  i s  a s l i g h t  r ise t o  0.21UO-3 
inches where the  displacement remains constant t o  about 38,000 rpm. 
s l i g h t  s h i f t  i n  the  curve could mean there  i s  a very s l i g h t  s h i f t  i n  t h e  
unbalance a t  the  compressor end. From 38,000 rpm t o  38,500 rpm there  is  
a r ise  i n  displacement from 0 . 2 1 ~ 0 ~ ~  inches t o  0. 32><10'3 inches. 

-5 

This 

I ,  

Further examination of t he  c r i t i c a l s  reveals  t h a t  t he  5100-5500 rpm 
c r i t i c a l  i s  the  conical mode while the c r i t i c a l  a t  8100-9000 rpm i s  i n  
t he  cy l indr ica l  mode. These are r ig id  body c r i t i c a l s  and a r e  shown i n  
f igu re  21(a) and (b) by t h e  cross hatched areas and are labeled the  f irst  
and second bearing c r i t i c a l s .  

Close examination of t he  other  four c r i t i c a l  speeds from 2000 t o  
20,000 rpm f a i l e d  t o  reveal  any pat tern t h a t  would l ead  t o  t h e i r  ident i ty .  
However, they appear t o  change with operating conditions within the  turbine 
and compressor. Examination of t he  s h a f t  o r b i t s  near 38,000 rpm shows them 
t o  be similar t o  some of the  o rb i t s  observed at lower speeds. 
it i s  possible  t h a t  t he  increases  i n  shaf t  excursion observed near design 
speed are harmonic exci ta t ions of some of t he  lower system c r i t i c a l s .  

Therefore 

The r e l a t i v e  axial motions between t h r u s t  s t a t o r  and th rus t  runner 
as shown i n  f igu re  21(c) indicates  a r i s e  i n  displacement as the  speed i s  
increased above 3000 rpm and reaching a peak of 0.71X10'3 inches a t  
8800 rpm. From 8800 rpm as speed i s  increased t o  20,000 t h e  axial d is -  
placement decreases t o  0 . 2 3 ~ 1 0 ' ~  inches. Increasing the  speed from 
20,000 rpm t o  38,500 rpm r e s u l t s  i n  an increase i n  m a x i m u m  a x i a l  d i s -  
placement t o  0.26X1Oe3 at 32,500 rpm and then a decrease t o  0.24x10-3 
at 38,500 rpm. It should be noted tha t  t he re  are two e f f ec t s  t h a t  are 
superimposed t o  give the  a x i a l  excursion indicat ions t h a t  are shown. 
Cr,z ie t h e  r e 1 a t t . r . ~  zxia l  motion between the  sha f t  and t h e  package and 
t h e  o the r  is  t h e  apparent axial motion which comes from the  t h r u s t  s t a t o r  
not being ab le  t o  follow t h e  t h r u s t  runner i n  a wobble motion. 

In t e rna l  Temperature Distr ibut ions 

The i n t e r n a l  temperature d is t r ibu t ions  observed during the  three  
tests described e a r l i e r  a r e  tabulated i n  t a b l e  I together  with temperature 
d i s t r ibu t ions  predicted by the  contractor. Two predict ions of temperature 
d i s t r i b u t i o n  were made by the  contractor. One was made when the  package 
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w a s  o r ig ina l ly  designed and a second one w a s  made after the  contractor had 
made some hot runs on a similar package. 

From the  t ab le  it can be  seen tha t  t he  temperature o f  the  in t e rna l  
pa r t s  of t he  package for  Test No. 1 are running s l i g h t l y  ho t t e r  than Test 
Nos. 2 and 3. 
lower then the  predicted temperature. 

The temperature of t h e  in t e rna l  pa r t s  f o r  a l l  tests are 

I n  order t o  get  a common b a s i s  f o r  comparison the  difference i n  tempera- 
ture between a given in t e rna l  pa r t  and t h e  turbine i n l e t  temperature is  
divided by the  turbine i n l e t  temperature and tabulated i n  t a b l e  2 f o r  t he  
last  recording of each tes t  and the  predicted thermal d is t r ibu t ions .  
t he  last  recordings f o r  each tes t  are tabulated because they are t h e  c loses t  
t o  a steady state temperature dis t r ibut ion.  

Only 

From t ab le  2 it can be seen t h a t  t h e  values of temperature difference 
for  T e s t  No. 1 are l e s s  than half  of the other  runs. This means t h a t  t h e  
pa r t s  are running unusually hot f o r  tha t  par t icu lar  turbine i n l e t  tempera- 
ture. This fur ther  means t h a t  there  is e i t h e r  excessive heat  t r ans fe r  from 
the  turbine t o  the  in te rna l  pa r t s  o r  t h a t  heat  generation by the  se l f -ac t ing  
bearings is  t h e  major contributor t o  the temperature of those par ts .  
t he  low value of temperature difference 0.049 and 0.068 f o r  t h e  turbine 
bearing seal holder it can be concluded t h a t  there  must be excessive heat 
t r a n s f e r  from the  turbine f l u i d s  t o  the in t e rna l  parts.  The high heat 
t r a n s f e r  comes from the  f a c t  t h a t  t h e  turbine is  being operated i n  air  a t  
high pressure (approximately 20 psia) .  The other f ac to r  i n  the  high in te rna l  
temperature f o r  T e s t  No. 1 is t h a t  the  compressor is operating a t  very l o w  
pressure (approximately 0.5 ps ia )  thus minimizing the  heat  flow from the  
i n t e r n a l  pa r t s  t o  the  compressor fluids. Thus it appears t h a t  t he  heat 
flows i n t o  the  in t e rna l  par t s  from the turbine and is f a i r l y  w e l l  trapped 
in te rna l ly .  A fu r the r  indication of  t h i s  e f f ec t  can be seen i n  Test No. 2 
where the turbine i n l e t  pressure reduced t o  5.2 ps ia  and t h e  compressor 
pressure ra i sed  t o  3.3 psia. These changes i n  operating conditions tend 
t o  reduce the  heat t r ans fe r  from t h e  in t e rna l  pa r t s  t o  t h e  compressor 
f lu ids .  For Test No. 2 t he  difference between t h e  in t e rna l  pa r t s  and the  
turb ine  i n l e t  is  almost  double t h a t  of T e s t  No. 1. The temperature d i f -  
ference f o r  t he  seal assembly is four t o  f i v e  times higher than Test No. 1. 
T e s t  No. 3 w a s  run with argon i n  the  turbine at  10 ps ia  and a i r  i n  the  
compressor a t  4.75 psia. This t e s t  shows s l i g h t l y  higher temperature 
differences than T e s t  No. 2. This could be caused by the  lower heat 
generation i n  the journal bearings due t o  operation with ex terna l  pres- 
sur iza t ion .  However, t he  temperature differences of tine turbine seal 
assembly f o r  T e s t  Nos. 2 and 3 are about equal. This indicates  t h a t  t he  
heat  t ransfer  from the  turbine f lu ids  t o  the  in t e rna l  pa r t s  are about t he  
same. Thus t h e  s l i g h t l y  cooler operating temperatures of the  in t e rna l  
p a r t s  must be a t t r i bu ted  t o  the lower heat  generation within t h e  journal 
bear ings . 

From 

A comparison of t he  temperature differences of t he  t es t  runs and the  
predict ions of t h e  contractor shows tha t  t he  runs have lower values thus 
tending t o  indicate  t h a t  when the  package is run a t  design temperatures 
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t he  in t e rna l  pa r t s  may be overheated. This would indicate  t h a t  there  i s  a 
lack of su f f i c i en t  thermal i so l a t ion  between the  turbine and t h e  in t e rna l  
parts.  However, no de f in i t e  conclusions can be drawn here because of t h e  
strong dependence o f  temperature of in te rna l  par t s  on the  operating con- 
d i t ions  within the  turbine and compressor. 

Journal Bearing Load 

In  the  three tests described i n  the e a r l i e r  section, it w a s  found 
t h a t  a f t e r  a period o f  t i m e  t he  indicated load dropped t o  6 t o  7 pounds 
under se l f -ac t ing  operation. 
t h i s  package because s t a b i l i t y  of gas bearings is dependent upon main- 
ta in ing  su f f i c i en t  load. 
journal bearing load a t  about 4 pounds w i l l  put t h e  bearing a t  t h e  threshold 
of  an i n s t a b i l i t y  ca l led  whirl. 
t h i s  package if  there  is d i f f e r e n t i a l  growth between t h e  sha f t  and t h e  
bearing car r ie r .  Thus, if t he  bearing c a r r i e r  temperature rose faster 
than t h e  shaf t  temperature as heat soaks i n  from the  turbine,  journal  
bearing load l o s s  can occur. 

Journal bearing load is  of prime concern f o r  

Work done by t h e  contractor had indicated t h a t  

Journal bearing load changes can occur i n  

Analysis o f  bearing shoe temperatures (assumed t o  be the  same as t h e  
shaf t  temperature) and bearing ca r r i e r  temperatures i n  the  plane of  t he  
pivots f o r  T e s t  No. 2 indicates  t h a t  t h e  compressor c a r r i e r  w a s  less than 
10' ho t t e r  than the  shaf t ,  while t h e  turbine ca r r i e r  w a s  as much as 55' 
cooler than t h e  shaf t .  
pressor end journal  would lose a very small amount of load while t h e  turbine 
end journal  should ac tua l ly  gain some load. 
a l o s s  i n  load as indicated by the  s t r a i n  gages it did not occur because of 
d i f f e r e n t i a l  growth between the  shaf t  and car r ie r .  The use of s t r a i n  gages 
t o  ind ica te  load f o r  t h i s  application w a s  an unfortunate choice because of 
t he  thermal environment t h a t  these gages must operate i n  and of t he  sensi-  
t i v i t y  of s t r a i n  gages t o  temperature gradients. 

Thus t h e  temperatures would indicate  t h a t  t h e  com- 

Therefore, i f  there  w a s  ac tua l ly  

Attempts were made t o  ca l ibra te  t h e  s t r a i n  gages f o r  temperature 
changes while i n s t a l l ed  i n  the  package by applying heat  t o  the  cooling 
flow. These cal ibrat ions showed a very sharp downward s h i f t  i n  zero as 
t h e  temperature w a s  applied. 
load the conservative approach w a s  t o  assume t h a t  t h e  s t r a i n  gauges are 
giving load values which are lower than the  ac tua l  load. 
load indicated by the  s t r a i n  gage indicates t he  approach of a dangerous 
condition there  should s t i l l  be  some margin of s a fe ty  avai lable .  

With no other  means a t  hand t o  ind ica te  

Thus, when the  

I .  

CONCLUDING FXMARKS 

The r e s u l t s  of a preliminary exploratory study in to  t h e  mechanical 
and dynamic behavior of an exploratory Brayton Cycle turbocompressor 
operat ing on gas bearings with a turbine i n l e t  temperature up t o  1000° F 
and speeds up t o  38,500 rpm show the  following problem areas: 

1. In te rna l  temperature d is t r ibu t ion  indicates  t h a t  there  is  a lack 
of suf f ic ien t  thermal i so l a t ion  between the  turbine and t h e  in t e rna l  pa r t s  



16 

of the  package, 
and thus reduce 
pivots. 

which could cause some over-heating of 
t h e  expected l i f e  of  such pa r t s  as pad 

the  in t e rna l  pa r t s  
pivots and gimbal 

2. Instrumentation provided t o  sense journal  bearing load appears t o  
be of questionable value f o r  t h i s  application because of t he  thermal environ- 
ment t h a t  it must operate in. 

3. A t  t he  design speed o f  38,500 rpm it appears t h a t  t he  package is 
a t  t h e  threshold of a c r i t i c a l  speed o r  a harmonic of one of  t he  lower 
c r i t i c a l  speeds. The r e l a t i v e  motions between t h e  shaf t  and pads a t  t h i s  
speed are small and are considered safe. 

These r e s u l t s  indicate  t h a t  modifications t o  the  turbocompressor are 
zecessary t o  impro-ire t he  thermal i so la t ion  between the turbine and the  
in t e rna l  pa r t s  and t o  incorporate a journal bearing load sensor t h a t  w i l l  
function i n  t h e  internal  environment o f  t h i s  package. Improved thermal 
i so l a t ion  w i l l  be obtained by reducing t h e  contact or heat flow area 
between the  turbine labyrinth seal and t h e  turbine end journal  bearing 
car r ie r .  Instruments w i l l  be provided t o  sense journal bearing diaphragm 
deflection. 
diaphragm spring rate w i l l  give an indication of journal bearing load 
provided there  is not appreciable thermal gradients on the  diaphragm. 
Another means of sensing journal  bearing load is the  se l f -ac t ing  f i l m  
pressure measured from the  four external pressurizat ion o r i f i c e s  i n  each 
pad. The var ia t ion  i n  se l f -ac t ing  f i l m  pressure with journal  bearing load 
as af fec ted  by speed and ambient pressure, however, w i l l  have t o  be first 
determined experimentally. 

Knowledge of journal bearing diaphragm deflect ion and 

A s  precautionary measures t h e  preload of t he  journal  bearing w i l l  be 
doubled and t h e  diaphragm spring r a t e  w i l l  be reduced t o  about one-half. 
This w i l l  increase t h e  amount of journal bearing load t h a t  can be l o s t  
before reachingthe threshold of whirl and the  reduction i n  spring rate w i l l  
reduce t h e  s e n s i t i v i t y  of the  journal bearing load t o  d i f f e r e n t i a l  thermal 
growth. I n  addi t ion t o  these measures a means t o  vary journal  bearing load 
by pneumatic loading on the  diaphragm w i l l  a l so  be incorporated t o  change 
t h e  load should it become necessary. 
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TABU 1. - INTEFiNAL -RpmTKE DISTRIBUTION 
[Package temperatures, 9 1 

Radiation shield 
Radiation shield 

c - 7--- - - - - - -  -.- - ___I---___ " , - - -  --_-.-_--. 

T e s t  number O M  1 ! 2 3 
I - -  i__ - - - - _. - _  __ - 

Point 1 part ident i f icat ion T T  Time T i m e  T i m e  
no. 

- 

1 
2 
3 
4 
5 

6 
7 
8 
9 
10 

11 
12 
13 
14 
15 

16 
17 
18 

19 

20 

21 

22 
23 
24 
25 

I 

.; 26 
1 27 
' 28 

29 
30 

' 3 1  
! 32 
j 33 

e . . 

i M* M** 2 h r  ~ 3 h r  2 h r  3 h r  4 hr  1 h r  3 h r  
1 7  min:27 min 15 min 35 min 6 min 45 min 53 min 

I -  

Turbine i n l e t  temperature 1490 1490 490 
Comp. journ. brg., flex. shoe 400 430 162 
Comp. journ. brg., f ixed shoe; 400 430 : --- 
Turb. Journ. brg. , flex. shoe' 490 550 183 
Turb. journ. brg.; f ixed shoe 
Turb. end thrust brg. 

Compressor end thrus t  brg. 
Comp. brg. mount 
Comp. brg. mount 
Camp. brg. mount 
Turb. brg. mount 

Turb. brg. mount 
Turb. brg. mount 
Turb. brg. mount 
Gimbal assembly 
G i m b a l  assembly 

Gimbal assembly 
Gimbal assembly 
Main frame assembly comp. 

seal mounting flange 
Main frame assembly comp. 

brg. ca r r i e r  mount ring 
Main frame assembly turb. 

brg. ca r r i e r  mount ring 

Main frame assembly turb. 

Longeron 
Longeron 
Longeron 

, Longeron 

outer housing mount flange 

490 550 
510 580 

530 580 
375 380 
410 380 
380 370 
430 750 

415 610 
460 510 
415 610 --- 510 --- 515 

--- 530 --- 560 

400 410 

450 440 

495 500 

178 
212 

205 
150 
148 
140 
190 

170 
149 
156 
140 
145 

140 
147 

--- 
138 

156 

900 950 310 
750 750 209 
510 510 149 
500 500 145 
470 490 143 

460 470' 145 
440 450 140 
430 440 142 
425 415 ~ 141 

1160 1090 388 

1040 11050 370 
878 202 
920 198 

I 

517 706 
323 258 

370 300 
369 298 
372 316 

--- 263 

370 318 
313 255 
312 265 
300 , 248 
3 70 

350 
317 
356 
310 
319 

314 
316 

--- 
288 

317 

411 
339 
292 
288 
2 84 

281 
2 75 
272 
268 
469 

451 
36 2 
350 

306 

2 91  
26 7 
291 
269 
274 

271 
2 73 

209 

246 

261 

379 
303 
256 
25 3 
249 

245 
242 
238 
235 
426 

414 
316 
301 

834 
271 
275 
3 30 
330 
35 2 

350 
25 8 
284 
260 
340 

318 
297 
323 
301 
306 

305 
306 

218 

281 

2 98 

416 
337 
288 
284 
280 

2 75 
271 
267 
261 
481 

45 8 
35 2 
332 

85 7 
272 
277 
336 
335 
35 6 

355 
260 
287 
261 
350 

325 
304 
332 
30 7 
311 

310 
311 

218 

289 

306 

429 
345 
294 
2 90 
285 

280 
276 
271 
264 
495 

471 
361 
341 

800 
263 
268 
282 
283 
324 

326 
262 
271 
254 
301 

275 
269 
284 
273 
278 

2 75 
280 

204 

251 

269 

431 
327 
265 
260 
256 

255 
247 
242 
237 
486 

480 
326 
322 

985 
294 
300 
322 
323 
35 9 

361 
295 
308 
290 
35 3 

320 
315 
3 34 
314 
320 

317 
3 20 

219 

289 

315 

521 
387 
309 
303 
296 

292 
284 
278 
271 
5 84 

572 
387 
384 

i 



Point 
no. 

1 
2 
3 
4 
5 

6 
7 
8 
9 
10 

11 
12 
13 
14 
15 

16 
17 
18 

19 

20 

21 

22 
23 
24 
25 

26 
27 
28 
29 
30 

31 
32 
33 

TAEZEl 2. - TEMPERATLTRE: DROP BETWEEN TUFBIINE INLET 
AND I”’& PARTS 

[AT/Turbine inlet temperature 1 

Tes t  number 
-- 

Part ident i f icat ion 

Turbine i n l e t  temperature, OR 
Comp. journ. brg., flex. shoe 
Comp. journ. brg., f ixed shoe 
Turb. journ. brg., flex. shoe 
W b .  journ. brg., f ixed shoe 
Turb. end thrus t  brg. 

0 M 1 2 3 

T T ,  

M* M** 27 min 6 min 53 min 

Time 

3 hr  4 h r  3 h r  

1950 1950 977 1317 1445 
0.559 0.544 0.198 0.444 0.478 . 
-559 -544 --- ,440 ,474 
,513 .482 .150 ,395 .459 

.503 .467 .148 .380 .433 
-513 -482 -151 ,396 -458 

Compressor end thrus t  brg. 0.492 0.467 0.150 0.381 0.432 
Comp. brg. mount .572 .569 ,209 ,453 .478 
Comp. brg. mount .554. .569 .210 .433 .469 
Comp. brg. mount .569 ,574 .222 .453 ,481 
Turb. brg. mount .544 .379 .150 ,385 ,437 

Turb. brg. mount 
Turb. brg. mount 
Turb. brg. mount 
Gimbal assembly 
G i m b a l  assembly 

0.551 0.451 0.171 0.404 0.460 
.528 ,502 ,205 .420 .464 
.551 .451 .165 .398 .451 --- -502 .211 e418 -464 --- -500 -203 .415 -460 

G i m b a l  assembly --- 0.492 0.208 0.415 0.462 
G i m b a l  assembly --- -477 ,206 0415 -460 

sea l  mounting flange -559 -554 --- -485 -530 
Main frame assembly comp. 

Main frame assembly comp. 

Main frame assembly turb. 
brg. car r ie r  mount ring .533 .538 .234 .434 .482 

brg. car r ie r  mount ring .510 .508 .205 .418 .464 

Main frame assembly turb. 
outer housing mount flange 0.303 0.277 0.108 0.325 0.324 

Longeron .379 ,379 .182 ,389 .414 
Longeron .230 .427 .468 .502 .502 
Longeron .234 .431 .472 .508 .508 
Longeron .238 .434 .477 .523 .512 

Longeron 0.241 0.438 0.479 0.528 0.523 
Longeron ,248 .441 ,486 .538 .533 
Longeron ,250 .444 .48Y .544 ,538 

Turb. s e d  assembly .049 .274 ,278 .169 .205 
Longeron e255 -450 -494 -546 ,551 

Turb. sea l  assembly 
Radiation shield 
Radiation shield 

0.068 0.293 0.286 0.231 0.225 
-159 .376 -414 --- ,318 
-171 -392 -416 --- .292 

Wriginal  thermal map 
*j(Modified thermal map 
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SCHEMATIC DIAGRAM OF SOLAR BRAYTON CYCLE SYSTEM 
ARGON WORKING FLUID 

SOLAR 

TURBINE 

Figure 1 

RADIATOR 
/;8-27707/ 

fmm .. 
C-66-2093 

F igure  2. - Photograph of turbine-compressor package. 
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F igure  3. - Turbo-compressor package. 
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Figure 4. - T u r b i n e  of tu rb ine-compressor  package. 
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Figure 5. - Compressor of t u r b i n e  compressor package. 



PIVOT AND EXTERNAL PRESSURIZATION 
ARRANGEME,NT 

rPRESSURlZED GAS 

d DIAPHRAGM-., 

‘. 

‘\. ,’ 
4 ORIFICES>’ 

Figure 6(a) 
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Figure 6(b) 
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Figure 6(c) 

Figure 7. - Rayleigh step t h r u s t  stator 
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Figure 8. - Thrus t  bearing and gimbal assembly. 
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Figure 9. - Mechanical design features of turbo-compressor package. 
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Figure 13. - Photograph of test faci l i ty. 

F igure Id. - Photograph of turbocompressor  installation. 
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Figure 15. - Diaphragms showing s t r a i n  gauges. 
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Figure 16. - Schematic of capacitance probe location. 
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