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1.0 INTRODUCTION AND SUIillARY 

The Sundstrand 6 KW o rgan i c Rankine cycle power conversion system 
i s , i n p a r t , an outgrowth of t h e work performed by Sundstrand for 
t h e Air Force xmder Cont rac t Ho. 33(615)-3664. The o b j e c t i v e of 
t h a t e f f o r t was t o develop a t u r b © a l t e r n a t o r pvmp mounted on a 
s i n g l e sha f t which, through minor changes, v/ould produce 2 to 10 
KW of use fu l power. However, t h e Air Force cance l l ed t h i s program 
i n t h e f a l l of 1967, as t h e r e s u l t of a dec i s ion t o r e s t r i c t i t s 
a c t i v i t y i n t h e space power f i e l d . 

Sundstrand proceeded independent ly t o develop t h e t u r b o a l t e r n a t o r 
pump and i n c o r p o r a t e i t i n t o a complete 6 KW f ixed power output 
system for performance and endurance t e s t i n g . Also, a newly 
developed j e t . condenser was conf igured i n t o t h e system for eva lua 
t i o n . 

In A p r i l , 1969, a f t e r i n i t i a l t e s t i n g had begun, t h e Atomic 
Energy Commission c o n t r a c t e d Sundstrand for t h e remainder of t h e 
t e s t i n g program and extended endurance t e s t i n g . 

This r e p o r t d e s c r i b e s t h e r e s u l t s of t he t e s t i n g program performed 
as an ex tens ion t o Cont rac t AT(04-3)-651 Organic Rankine Cycle 
Technology Program. The purpose of t h e c o n t r a c t ex tens ion was t o 
perform t h e fo l lowing : 

® Itecord performance da t a fo r a 6 Kl-le o rganic Rankine cyc le power 
convers ion system u t i l i z i n g both a su r face condenser and a j e t 
condenser us ing Dowtherm A working f l u i d a t 650°F t u r b i n e i n l e t 
t empera ture and .5 p s i a t u r b i n e back p r e s s u r e . 

® Record performance da t a for t h e 6 KWe organ ic Rankine cyc le 
power conversion system us ing a j e t condenser and Ctowtherm A 
working f l u i d a t 700®F t u r b i n e i n l e t and .5 p s i a t u r b i n e back 
p r e s s u r e . 

® After a performance and shakedown run of approximately 500 hours 
t h e 6 KWe power convers ion system was t o be endurance t e s t e d for 
2500 hours us ing t h e j e t condenser conf igu ra t ion with Dowtherm 
A working f l u i d a t 700®F t u r b i n e i n l e t c o n d i t i o n . A p r e - t e s t 
and p o s t - t e s t documentation of t h e condi t ion of t h e hardware was 
t o be performed. 

The 6 KWe o r g a n i c Rankine cycle system was ope ra ted wi th bo th a 
su r f ace condenser and a j e t condenser a t 650°F t u r b i n e i n l e t 
t e m p e r a t u r e . Performance measurements i n d i c a t e t h a t wi th reworked 
r egene ra to r s# and i n t h e case of t h e j e t condenser c o n f i g u r a t i o n . 

Syndstrand Aviation 
6tviSiOEi of Swtsdslraftd Corporation ^y^ 



with a p̂ amp designed for the specific operating conditions, both 
systems would produce a system efficiency of over 17%. 

The 700°F turbine inlet-jet condenser version was operated for 
over 3000 hours. All rotating equipment was in excellent con
dition upon completion of the test. 

Sundstrand Aviation £h ^^ 
dtmim -of Sundstrand Corporatton 



2 . 0 PO f̂ER CONVERSION SYSTEM DESCRIPTION 

The S u r f a c e Condenser c o n f i g u r e d 6 KWe s y s t e m shovm i n F i g u r e 1 
c o n s i s t s of t h e ene rgy c o n v e r s i o n mach ine ry used t o c o n v e r t h e a t 
e n e r g y from v a p o r i z e d Dowtherm A t o e l e c t r i c a l e n e r g y and t h e h e a t 
t r a n s f e r and pumping components needed t o add and remove h e a t from 
t h e s y s t e m . 

T h i s s e c t i o n d e s c r i b e s t h e e s s e n t i a l components of t h e power c o n 
v e r s i o n s y s t e m c o n f i g u r e d w i t h a s u r f a c e c o n d e n s e r f o r pe r fo rmance 
e v a l u a t i o n a t 650°F . 

2 , 1 ENERGY CONVERSION 1-IACHINERY 

The e n e r g y c o n v e r s i o n mach ine ry c o m p r i s e s a t u r b i n e , e l e c t r i c a l 
a l t e r n a t o r and v a p o r i z e r f eed pxjmp on an i n t e g r a l s h a f t . The 
s h a f t i s e n c l o s e d w i t h i n t h e a l t e r n a t o r s t a t o r , b e a r i n g , pump and 
t u r b i n e h o u s i n g s . The h o u s i n g s a r e s e a l e d t o p r e c l u d e t h e i n -
l e a k a g e of a i r . An e x p l o d e d view of t h e 6 KWe power c o n v e r s i o n 
mach ine ry i s shown i n F i g u r e 2 . 

2.1 .1 Turbine and Nozzle Asseirfely 

The turbine i s a s ingle s t age , supersonic, axia l flow in^u lse , 
fu l l admission design. The nozzles are a conical , convergent-
divergent design. Figures 3 and 4 show the nozzle r ing and 
turbine wheel. Table 1 presents a summary of the turbine and 
nozzle system paran«ters . 

The wheel was designed to drive a generator to produce 6 KWe of 
e l e c t r i c a l power at 24,000 rpm with an i n l e t vapor temperature of 
650°P and a back pressure of 0,5 p s i a . 

Turbine buckets were e l e c t r i c a l chemical machined from a IS1407 
s t e e l wheel forging. The nozzle ring i s machined from AISI-30 3 
s t e e l . 

2.1.2 System Generator and Eddy Current^ '^^.^^^ 

The e l e c t r i c a l generators for the 6 KW system consis ts of two 
horaopolar a l t e rna to r s on an i n t eg ra l shaft contained in the same 
enclosure. These generators were o r ig ina l ly designed for another 
appl icat ion and were adapted for use in the 6 KW system. One 
a l t e r n a t o r provides useful e l e c t r i c a l output and the other i s an 
eddy current brake for speed con t ro l . 

The system generator i s a double s t a t o r homopolar inductor a l t e r 
nator with s ix laminated poles of 3.7 inches diameter on the ro to r . 

Sundstrand Aviation 
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Figure 1 Sundstrand 6 KWe Power Conversion System 
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Figure 2 Sundstrand 6 KWe Combined Rotating Unit 
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Table 1 Turbine Design Parameters 

number of n o z z l e s 

Arc of a d m i s s i o n 

Nozz l e t y p e 

Th r o a t d i arae t e r 

Uozz le a n g l e 

I n l e t p r e s s u r e 

I n l e t t o n p e r a t u r e 

i lass f low 

T u r b i n e whee l s p e c i f i c s p e e d 

T u r b i n e whee l s p e c i f i c d i a m e t e r 

T u r b i n e d i a m e t e r 

B lade h e i g h t 

B lade a n g l e 

Rotor i n l e t r e l a t i v e nach 

Rotor i n l e t Reynolds Uo. 

T u r b i n e e f f i c i e n c y a t 650* 
0 ,5 p s i a back p r e s s u r e 

n o . 

' F and 

11 

100% 

C o n i c a l , c o n v e r g e n t - d i v e r g e n t 

.090 i n c h e s 

15 d e g r e e s 

7 1 . 3 p s i a 

1110°R 

. i r ,4 l b / s e c . 

34 .2 

1.74 

7 . 1 i n c h e s 

,54 i n c h e s 

25° 

1,9 

1.1 X 104 

72% 

I t generates 240/139 vol ts at 1200 Hz and i s capable of producing 
10 KWe. The output windings consis t of a three phase power winding 
and an auxi l iary winding for f i e ld and control power. At 6 KWe 
outpiJt i t has an eff iciency of 91.S%, A voltage regulator i s 
incorporated in the control console for maintenance of the design 
condi t ions . Figure 5 presents a short stBtraarĵ  of the system main 
a l t e rna to r design. 

The eddy current braJ;;e i s a homopolar inductor a l t e rna to r with no 
power windings. All the generated energy i s d iss ipated as heat in 
the s t a t o r iron and ro to r . I t i s capable of up to 2 Kile a t 24,000 
rpm. The speed con t ro l l e r adjusts the f ie ld current to t h i s 
a l t e r n a t o r , varying the work done and hence shaft power, to balance 
the turbine input torque. Figure 6 presents a short summary of 
the eddy current brake design. 

Sundstrand Aviation 
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Type: Double s t a t o r homopolar induc to r a l t e r n a t o r with 
t h r e e phase power winding and one a u x i l i a r y 
winding for f i e l d and c o n t r o l power. 

Ra t ing : Design - 10 KU, 20,000 rpn, 1000 Hz, 
240/139 v o l t s , .95 pf l a g . 
6 KKe Requirements - C I'tJe, 24,000 rpri, 1200 Hz 

E f f i c i e n c y : 89.4% a t 10 KUe, 91.5% a t G mie 

Cool ing: Provided by c i r c u l a t i o n of working f l u i d flow 
through s t a t o r coo l ing pasf^ages. 

Figure 5 Main Alternator Desipi Summary 

Purpose: Turbine speed c o n t r o l 

Type: Double core homopolar eddy cu r r en t d i s s i p a t o r 

Rat ing : Itaximun of 2 KW a t 24,000 rpm, 1200 Hz 

Cool ing: Provided by c i r c u l a t i o n of working f l u i d flow 
through s t a t o r c o o l i n a passages 

Figure 6 Eddy Current Brake Design Summary 

Cooling of both a l t e r n a t o r s i s achieved by pass ing t h e working 
f l u i d flow over t h e back of t h e s t a t o r i ron through a x i a l s l o t s , 
p r i o r t o del iver^ ' of t h i s flow t o t h e r egene ra to r i n l e t . 

The a l t e r n a t o r r o t o r showing t h e main gene ra to r poles (laminated) 
and the brake a l t e r n a t o r poles i s shovm i n Figure 7, 

The a l t e r n a t o r s t a t o r i s shown i n Figure 8. 

2 . 1 . 3 Working Fluid_ Ptanp 

The pump which p rov ides system flow i s mounted d i r e c t l y t o t h e 
t u r b o - a l t e r n a t o r s h a f t . I t i s a simple c e n t r i f u g a l pump c o n s i s t 
ing of r a d i a l s l o t s cu t i n t o a r o t a t i n g d i s c shown in Figure 9 . 

The housing i n c o r p o r a t e s an annular c o l l e c t o r and a con ica l 
d i f f u s e r wi th a t h r o a t d iameter of ,100 i n c h . This pump has 

^ ^ Pages 
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Figure 7 Alternator Rotor 

Figure 8 Alternator Stator 
Figure 9 Centrifugal Pump Impeller 

Sundstrand Aviation 
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been t e s t e d on a purap t e s t r i g a t S u n d s t r a n d and h a s d e m o n s t r a t e d 
an e f f i c i e n c y of 32%. 

2.1.4 Bearings and Seals 

The r a d i a l b e a r i n g s s u p p o r t i n g t h e w e i g h t of t h e t u r b o - a l t e r n a t o r 
r o t o r and u n b a l a n c e f o r c e s a r e t i l t i n g pad f l u i d f i l m b e a r i n g s . 
These a r e of a t h r e e pad d e s i g n i n which t h e s t a t i c l o a d v e c t o r 
p a s s e s be tween two p a d s . The p a d s , shown i n F i g u r e 1 0 , a r e f r e e 
t o t i l t on s p h e r i c a l l y t i p p e d a d j u s t m e n t s c r e w s . The b e a r i n g 
j o u r n a l s may b e s e e n on t h e r o t o r p h o t o g r a p h , F i g u r e 1 1 . The 
m a t e r i a l c o m b i n a t i o n i s t o o l s t e e l a g a i n s t t o o l s t e e l , which h a s 
shown e x c e l l e n t r e s u l t s u n d e r s t a r t - s t o p c o n d i t i o n s a t S u n d s t r a n d . 

S u p p o r t of t h r u s t l o a d i n g , which i s low i n t h i s m a c h i n e , i s 
accOBsmodated by f u l l y s e l f - a l i g n i n g t i l t i n g pad b e a r i n g s . A l l 
b e a r i n g p a d s ( b o t h r a d i a l and a x i a l ) a r e i n d i v i d u a l l y l u b r i c a t e d 
by j e t s of v^orking f l u i d and t h e b e a r i n g h o u s i n g i s a c t i v e l y 
s c a v e n g e d t o p r e c l u d e h i g h l i q u i d c h u r n i n g l o s s e s . 

Won- 'Contact ing V i s c o s e a l s a r c p r o v i d e d a round t h e b e a r i n g c a v i t i e s 
t o p r e v e n t l e a k a g e i n t o t h e a l t e r n a t o r c a v i t y and t u r b i n e whee l 
h o u s i n g . 

2 • 2 ADDITIONAL SYSTFIl COIIPOHEMTS 

The b o i l e r , r e g e n e r a t o r , c o n d e n s e r , and t h e f a c i l i t y and j e t pumps 
a r e a d d i t i o n a l ma jo r s y s t e m components needed t o comple te t h e 
s y s t e m . 

2 . 2 . 1 Sys tem B o i l e r 

The boiler for the power system consists of a tube and shell heat 
exchanger in which the tube side fluid is the power system flow 
of Dowtheim and the shell side fluid is high pressure Dowtherm 
vapor which condenses on the boiler tube. The hot (700°F) high 
pressure (106 psia) Dowtherm vapor is supplied by a commercial, 
gas fired Dowtherm vaporizer. The boiler tube is 72 feet of 7/8 
inch tubing arranged in 6, 12 foot passes inside a 4 inch standard 
pipe size steel pipe. 

2 . 2 . 2 R e g e n e r a t o r 

The r e g e n e r a t o r a s s e r t ) l y i s shown i n F i g u r e 12 a t t a c h e d t o t h e 
t u r b i n e e x h a u s t h o u s i n g d i f f u s e r and t r a n s i t i o n d u c t . The 
r e g e n e r a t o r i s made up of tvm m o d u l e s , one of which i s shown on 
F i g u r e 1 3 . The r e g e n e r a t o r i s a p l a t e f i n d e s i g n w i t h one v a p o r 
p a s s and 8 c ross f lovf l i q u i d p a s s e s a r r a n g e d i n an o v e r a l l c o u n t e r -
flo%7 c o n f i g u r a t i o n . The o u t e r s h e l l , h e a d e r s , p l a t e s , and c h a n n e l s 
a r e of 347 s t a i n l e s s w h i l e t h e f i n s a r e 0 .002 i n c h t h i c k n i c k e l 
f o i l v^ith 0 .233 i n c h h i g h f i n s , 1 8 . 5 f i n s p e r i n c h on t h e v a p o r 
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Figure 10 Tilting Pad Fluid Film Bearing 

Figure 11 Alternator Rotor 
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Figure 12 Regenerator and Turbine Exhaust Ducting 

Figure 13 Regenerator Module 
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side and 0.145 inch f i n s , 19.5 fins per inch on the l iqu id s i d e . 
The uni t has a design effect iveness of 0.9 and has a pressure drop 
of 0.05 ps i on the vapor s ide . 

2.2.3 Condenser 

The surface condenser i s an ethylene glycol/water cooled tube in 
shel l design. To minimize v;eld j o in t s only 8 p a r a l l e l coolant 
tube c i r c u i t s were used. Arrangement of these tubes i s shovm in 
Figure 14. 

These c i r c u i t s consis t of serpentine coi ls of 1/4 inch s t a in l e s s 
s t ee l tubing and were manufactured by Pvudy fianufacturing Company, 
a Sundstrand subsidiary?. The condenser design effectiveness i s 
0.45, and the vapor pressure drop i s estimated at 0.02 p s i , 
while the glycol pressure drop i s 5 psi at 1460 Ib/l ir . The con
denser housing and hotvzell are fabricated from s t a in l e s s s t e e l 
sheet . 

The condenser, shotfn in Figure 15, wi l l be attached d i rec t ly to 
the regenerator v?ith the vapor passing over the tubes in a 
ve r t i c a l d i r ec t ion , and col lec t ing in the hotamll d i r ec t ly belov.' 
the tubes . 

2.2.4 Auxiliary Equipment 

2 .2 .4 .1 Fac i l i t y S t a r t Furap; The pump used for s t a r t i n g the 
system i s "a corniercTal, canne'd ro to r , regenerative type c e n t r i 
fugal pTXip. This runs on pressur ized, process f luid lubricated 
journal bearings and has demonstrated l i fe t imes in excess of 8000 
hours in previous ORG t e s t i ng at Sundstrand. 

2.2.4.2 J e t Pumps: The j e t pumps used for priming the f a c i l i t y 
s t a r t pum.p an<J*the "system pump have demonstrated t h e i r a b i l i t y to 
meet predicted performance. They have a nozzle s ize of 0,074" 
and a diffuser th roa t s ize of 0*235". They have demonstrated 
operation at a primary/secondary flow r a t i o of 1.2 and provided 
pump i n l e t pressures up to 8.5 p s i a . The j e t pump used for the 
bearing scavenge pimp i s ex i s t ing and i s somewhat oversized. I t 
has a nozzle diameter of .062*' and throa t diameter of .135", and 
operates at primary/secondary'' flov? ra t ios of approximately 4 ,0 . 
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Figure 14 Glycol Tube Circuits 

Figure 15 Condenser in Housing 
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3.0 SYSTEIl OPERATION (SURFACE COHDEHSER COIIPIGURATIOH) 

The fol lowing i s a b a s i c d e s c r i p t i o n of ope ra t ion of t h e Sundstrand 
6 KW organ ic Rankine cycle su r face condenser conf igured system for 
t h e t e s t i n g program. The sequence of ope ra t ion i s convenient ly 
s e p a r a t e d i n t o four d i s t i n c t func t iona l loops t h a t combine t o form 
t h e complete system. Loop #1 i s t h e primary' loop witli t h e e s s e n t i a l 
power convers ion components invo lved . Loop f2 i s t h e t u r b i n e by
pass loop used for system s t a r t - u p and shutdown. Loop #3 i n s u r e s 
proi>er lube a t a l l t imes t o t h e bea r ing c a v i t i e s . Loop •'t4 r e j e c t s 
t h e waste h e a t produced by t h e power conversion system and load 
bank. Each loop i s b r i e f l y desc r ibed v/ith c o n t i n u a l r e fe rence t o 
Figure IG. 

The primary loop (loop 11) r e p r e s e n t s t h e flow c i r c u i t which 
c a r r i e s working f l u i d through t h e t u r b i n e t o genera te s h a f t pox/er. 
S t a r t i n g a t t h e ho t we l l (A) t h e working f l u i d flov? e n t e r s t h e 
secondary' s i de of a j e t pxmxp (B) with s u f f i c i e n t e l e v a t i o n head t o 
p reven t c a v i t a t i o n when i t i s a c c e l e r a t e d i n t o t h e pump t h r o a t by 
t h e high v e l o c i t y p r i r a r i ' flow. The flow from t h e ho twel l passes 
through t h e d i f f u s e r i n t h e j e t pimp and combines with the primary 
flow ga in ing s u f f i c i e n t s t a t i c p r e s s u r e t o meet t h e n e t p o s i t i v e 
s u c t i o n head requirements of t h e system feed pump (C) . 

The working f l u i d i s then p r e s s u r i z e d i n t h e c e n t r i f u g a l systeri 
puiAp and passes through a one way check valve (D) which p reven t s 
back flow through t h e pump dur ing s t a r t up o p e r a t i o n . The flow 
then s p l i t s (E) , wi th approximately ha l f proceeding t o t h e primary'' 
s i de of t h e system j e t pump and t h e remaining proceeding t o the 
a l t e r n a t o r s t a t o r ( F ) . Bear ing flow i s provided by s p l i t t i n g the 
flow a t (II) when t h e p r e s s u r e i s s u f f i c i e h t for bea r ing r e q u i r e 
ments . 

On e n t e r i n g t h e a l t e r n a t o r s t a t o r housing the flow passes along 
a x i a l s l o t s and removes waste h e a t from t h e system gene ra to r and 
eddy c u r r e n t b r a k e . On l e a v i n g t h e s t a t o r hous ing , t he flow passes 
through a t h r o t t l e va lve (Vj) , used t o c o n t r o l mass flow i n t o t h e 
v a p o r i z e r . 

The l i q u i d flow then pa s se s through the l i q u i d s ide of t h e regenera 
t o r i n a counterf low d i r e c t i o n and i s warmed by t h e superheated 
t u r b i n e exhaus t v a p o r s . On l eav ing t h e r e g e n e r a t o r , t h e flow passes 
through a check va lve (G) which p reven t s back flow of ho t vapor 
from t h e v a p o r i z e r i n t o t h e r e g e n e r a t o r on a system shutdown. 

The l i q u i d now pas se s i n t o t h e v a p o r i z e r (11) , and i s vapor ized and 
supe rhea t ed . The vapor pa s se s from t h e b o i l e r through a low 
p r e s s u r e a c t u a t e d , shutdown valve (V2) t o t h e t u r b i n e nozzle v/here 
i t i s a c c e l e r a t e d i n t o t h e t u r b i n e b lades and does work on t h e 
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wheel . The high v e l o c i t y exhaus t flov/ passes through t h e annular 
d i f f u s e r v/herc some s t a t i c p r e s s u r e i s r ega ined . The superhea ted 
vapor i s then tu rned through 90° by t h e exliaust duct ing and e n t e r s 
t h e r e g e n e r a t o r g iv ing up superhea t t o t h e coo l e r l i q u i d . 

The low p r e s s u r e vapor then passes over the g lycol cooled tube 
biandle i n t h e condenser where i t condenses and accumulates i n t h e 
hotv^ell completing t h e c y c l e . 

Loop #2 i s a t u r b i n e bypass loop and i s used for s t a r t - u p and 
shutdown, 

During s t a r t - u p , low tempera ture l i q u i d from t h e hotv/ell flows i n t o 
a j e t pump (I) s i m i l a r t o t h a t i n t h e primary loop and pluml'jed i n 
p a r a l l e l v?ith i t . This i n t u r n induces t h e f a c i l i t y s t a r t pump. 
l i f t e r p r e s s u r i z a t i o n , p a r t of t h e flo\? i s e x t r a c t e d ( the amount 
be ing c o n t r o l l e d by a manual t h r o t t l e valve ( J ) , t o provide t h e 
primary flow t o t h e j e t pump, whi le the remainder of t h e flow 
passes through a check valve (K), and j o i n s t h e primary loon a t 
CL) . • 

Valve (¥3) l o c a t e d j u s t below t h e vapor i ze r i n Figure 16 i s used 
i n loop #2 fo r system vapor t u r b i n e bypass during s t a r t - u p and 
shutdovrn. U n t i l t h e pov/er conversion machinery i s ready for 
r o t a t i o n , t h e ho t vapor w i l l bypass t h e t u r b i n e and r e - e n t e r loop 
#2. Uhen t h e power convers ion machinery i s ready for ro ta t ion , , 
valve (V3) i s shu t off a l lo t t ing ho t vapor t o e n t e r t h e t u r b i n e 
nozzle assembly. 

For system shutdov;n, valve (V3) i s opened removing flow from t h e 
t u r b i n e nozz le assembly. The n i t r o g e n p r e s s u r i z e d shutdown tank 
i s opened ma in ta in ing working f l u i d p re s su re dur ing spindown of 
t h e power convers ion machinery t o i n s u r e b e a r i n g l iafarication. 

Loop #3 i s t h e b e a r i n g system l o o p . At p o i n t (M) on the schemat ic , 
approximately 0,5 gpn working f l u i d flow i s s p l i t from t h e main 
flovr- At p o i n t (11) t h e flow s p l i t s aga in , t h e major po r t i on going 
t o t h e primary nozz le of t h e bea r ing scavenge j e t pump whi le t h e 
remainder proceeds t o t h e b e a r i n g s . After Ixabricating and cool ing 
t h e b e a r i n g s , t h e d ra inage flow e n t e r s t h e s u c t i o n s i d e of t h e 
scavenge j e t pump. The e x i t flow from t h i s pump goes i n t o t h e 
h o t w e l l . During shutdown, loop #2 provides a p r e s s u r i z e d r e s e r v o i r 
for b e a r i n g and pump flow, v/hile a check valve p reven ts leakage 
i n t o t h e r e s t of t h e system. 

Loop #4 i s t h e system hea t r e j e c t i o n loop con ta in ing a coolan t 
piamp, condenser c o i l s , and a forced a i r r a d i a t o r . 

A 50/50 mixture of e thy l ene g lyco l and water i s p r e s s u r i z e d by the 
c o o l a n t pump and passed through t h e condenser c o i l where i t absorbs 
t h e h e a t of t h e condensing system working f l u i d . I t then e n t e r s 
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t he r e s i s t i v e load bank where i t absorbs the hea t genera ted by the 
load bank r e s i s t i v e h e a t e r s . The coo lan t i s then cooled i n t h e 
r a d i a t o r by a i r flow developed by a fan blot?er. The tempera ture 
of t h e c o o l a n t i s c o n t r o l l e d by varying the a i r flow across t h e 
r a d i a t o r v;ith louvers c o n t r o l l e d by a thermal sensor i n t h e con
denser CT). The coo lan t then r e t u r n s t o t h e low p re s su re s ide of 
the puTitp t o r epea t t h e c y c l e . 

3 • 1 SCRFACE COtlDLIlSER PEProrulA^TCC TESTIIIG SUnrARY (650Op) 

The system was f i r s t assembled i n DecenJ^er, 1^68. The f i r s t t h r e e 
hours of i n i t i a l ope ra t ion were uneven t fu l . The system was opera ted 
wi thou t t h e t u r b i n e dr iven pwtp, and power l e v e l s of up t o 5,5 KWe 
tfe ro demon s t r a t e d, 

Af ter t h e i n i t i a l runs many problems wore encountered and r e so lved . 

D i f f i c u l t y vfas exper ienced v/ith t h e a l t e r n a t o r s t a t o r c o i l v a r n i s h , 
wi th t h e t i l t i n g pad bea r ings and p i v o t s , wi th the method of t u r b i n e 
w h e e l / a l t e m a t o r r o t o r a t t achment , wi th the ba lanc ing of t h e r o t a t 
ing assembly and a l s o v;ith housing v i b r a t i o n s . I t was not u n t i l 
itovember of 1969 t h a t the system could be opera ted r e l i a b l y . 

The u n i t was then opera ted a t va r ious loads witliout t h e t u r b i n e 
d r iven pump i m p e l l e r for over 100 hours t o develop confidence t h a t 
the machine was sound. At t h a t t ime t h e t u r b i n e d r iven pump was 
added and performance da ta were taken for the machine wi th a 650°r 
t u r b i n e i n l e t and a su r face condenser . 

The i n c o r p o r a t i o n of t h e t u r b i n e dr iven pump uncovered one more 
minor problem. The pump s e a l v/as inadequate to w i th s t and t h e pump 
case p r e s s u r e and leaked l i q u i d i n t o t h e pump end b e a r i n g c a v i t y 
causing high churning l o s s e s . Rather then f ix t h e problem on t h i s 
b u i l d , i t was decided t o quan t i fy t h e churning los s by measuring 
the pump leakage flov? and i t s tempera ture r i s e througJi t he bea r ing 
cavi t y , 

Data v/ere taJren wi th t u r b i n e i n l e t tempera tures betv/een 660'F and 
673°r , flow r a t e s between 500 I b / h r and 5 30 I b / h r witli a condenser 
p r e s su re of 0 .3 p s i a . The churning los s was aiiout 1.6 KW i n a l l 
c a s e s . Assuming t h a t wi th a modified s e a l or s e a l d r a i n t h e 
churning l o s s would be a v a i l a b l e as a d d i t i o n a l a l t e r n a t o r input 
po^mr, t h e r e s u l t i n g e l e c t r i c a l output (measured p lus p r o j e c t e d 
from churning l o s s measurements) va r i ed between 5.6 7 KWe t o 5.86 
KWe. The r e s u l t i n g system e f f i c i e n c y ( a l t e r n a t o r use fu l o u t p u t / 
hea t added) ranged from 16.8% t o 17.2%. Figure 17 shov/s t h e design 
p o i n t p r e s s u r e and tempera ture schematic for t h e system which 
would y i e l d an e s t i m a t e d PCS theiroal e f f i c i e n c y of 17.6%. 

The performance of a l l the components excep t the r egene ra to r s was 
as expec ted . The r e g e n e r a t o r , due t o a l i q u i d s ide flov? 
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m a l d i s t r i b u t i o n , had a measured e f f e c t i v e n e s s of only 0,8 i n s t e a d 
of 0 , 9 . I f t h i s m a l d i s t r i b u t i o n were fijced and t h e r e g e n e r a t o r s 
performed as s p e c i f i e d t h e p r o j e c t e d system e f f i c i e n c y would have 
i n c r e a s e d by about 1 p o i n t as shown i n Figure 18 . 

Surface condenser o p e r a t i o n was completed on February 3 , 19 70, A 
t o t a l of 141 hours o p e r a t i o n was achieved with 14 0 s t a r t / s t o p 
c y c l e s . The l o n g e s t s i n g l e run was 14 h o u r s . 

3*2 JFT COHPEMSER MODIFICATION TO 6 KW POWER COKW."PSIOH SYKTEH 

In a j e t condenser subcooled l igxiid Dowtherm i s i n j e c t e d through 
a c e n t r a l l i q u i d nozs lc c o a x i a l l y witli t h e vapor coming from t h e 
r e g e n e r a t o r . The vapor condenses on t h e l i q u i d j e t s and a p o r t i o n 
of t h e i n j e c t e d l i q u i d momentum i s recovered i n t h e d i f f u s e r s e c t i o n 
of t h e j e t condenser . The s t i tcooled l i q u i d flow r a t e t o the j e t 
condenser i s 10.5 gpm. 

The j e t condenser u t i l i z e d was capable of s t a b l e ope ra t ion (no 
flood out) wi th subcooled l i q u i d o u t l e t p r e s s u r e s up t o 62% of t h e 
i n j e c t o r i n l e t l i q u i d p r e s s u r e . The pump t h a t was used for system 
o p e r a t i o n wi th t h e j e t condenser i s sho^m i n Figure 19. I t i s 
s i g n i f i c a n t l y o v e r s i z e d for both t h e 650'F and 700®F t u r b i n e i n l e t 
j e t condenser o p e r a t i o n bu t was used due to i t s a v a i l a b i l i t y . This 
f ac t i s of c r u c i a l importance when a s se s s ing t h e measured p e r 
formance of t h e system v/ith a j e t condenser . 

That i s , t h e value of punp e f f i c i e n c y i s c r u c i a l t o t h e e f f i c i ency 
of a system u t i l i z i n g a j e t condenser due t o t h e l a rge amount of 
flov^ r e q u i r e d by t h e j e t condenser . 

The system schemat i c , flows and s t a t e p o i n t s are shown i n Figure 
20 for t h e 650^F t u r b i n e j e t condenser system. Based on a pump 
e f f i c i e n c y of S0% and a j e t condenser p r e s su re recover^' of 55%, 
the use fu l e l e c t r i c a l ou tpu t a t t h e 560 I b / h r t u r b i n e des ign flow 
i s 5,85 KWe. This power i s s l i g h t l y l e s s than t h e 6 KWe output 
for t h e same mass flow wi th t h e su r face condenser for t h e design 
p o i n t , due t o a s l i g h t l y h i g h e r pumping power requirement for t h e 
j e t condenser because of t h e very l a r g e amount of flow a s s o c i a t e d 
with i t . 

This l a rge amount of flow and r e l a t i v e l y low p re s su re r i s e r e q u i r e -
imnt for t h e j e t condenser r e s u l t i n a r e l a t i v e l y high pump s p e c i f i c 
speed which a l lows t h e a t t a inmen t of t h e r equ i r ed high pump 
e f f i c i e n c y . I f t h e pxmp i s s i g n i f i c a n t l y l e s s e f f i c i e n t than 80% 
or i f i t s head r i s e i s s i g n i f i c a n t l y g r e a t e r than r equ i red by t h e 
system, app rec i ab l e r educ t i ons i n CW e l e c t r i c a l output r e s u l t s as 
the pump sha f t power requi rements i n c r e a s e r a p i d l y . 

As mentioned p r e v i o u s l y , t h e ptaitp used for j e t condenser ope ra t ion 
was o v e r s i z e d both i n flow capac i t y and head r i s e for both t h e 
650®P and 700°F o p e r a t i o n . I t was f e l t p rudent t o have prnip head 

Sundstrand Aviation 
divisfon el Sundstfatld Cocporatton 



20 

.r DESIGN POINT 
.44 PSIA 
CONOENSER 

.3 PSIA 
CONDENSER © 

15 

i 
> 

10 

© 

PROJECTED WITH 
# I ,8 EFFECTIVE 

QENERATOB B 
0 MEASURED WITH 

.8 EFFECTIVE 
GENERATOR 

650 660 670 
—r 
680 

TURBINE INLET TEMPERATURE ~ °F 

Fifure IS System Performance with Surfaee Condenser 

Syndstrand Aviation £s^o 
divtstor oi Sunctslfand Corporation ^ ® W g 

Page 2t 



"M-
^•f» 

^ - A x " * ' ' ^ 

- ? ' ^ ^ " " ^ •'•••• • ' - > 

\- Vs ^ 

• •'iV;'*-.-*v-;y *^l ,• !•!. ,•i^3^l"^*. 

», -V. 

. -*V^"' 

1 -Aw*". 

. . ' \ > .̂î H'*'1-' 
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r i s e c a p a b i l i t y i n excess of t h a t r equ i r ed for use v;'ith a j e t con
denser wi th over 62% p r e s s u r e recovery s ince t h e 62% was measured 
on a j e t condenser t e s t s t and wi thout any dynamic i n t e r a c t i o n s 
between t h e in^^n tory c o n t r o l system, t h e t u r b i n e d r iven pump, 
and t h e v a p o r i z e r . 

The piffiip used was des igned for a d i f f e r e n t a p p l i c a t i o n having a 
design speed of 20,000 rpm, a b e s t e f f i c i e n c y p o i n t flov/ of 17.5 
gpm v/ith a p r e s s u r e r i s e of about 60 p s i and an e f f i c i e n c y of 80% 
a t t h e s e c o n d i t i o n s . At 24,000 rpm, the flow for b e s t e f f i c i e n c y 
would be 21 gpm wi th a p r e s s u r e r i s e of about 87 p s i . 

A new pump s e a l des ign was i nco rpo ra t ed t o prevent pump leakage 
i n t o t h e b e a r i n g c a v i t y . For j e t condenser system opera t ion t h e 
e n t i r e system was r e l o c a t e d i n a new t e s t c e l l . An e l e c t r i c a l l y 
hea ted s a l t ba th was used as t h e hea t source with 130 f e e t of 
h e l i c a l l y V7ound 7/8 inch tub ing immersed i n t h e s a l t ba th se rv ing 
as t h e vapor g e n e r a t o r . The u n i n s u l a t e d system witii t h e j e t 
condenser i s shovm i n Figure 2 1 . 

The system was b u i l t up for endurance ope ra t ion with t h e j e t con
denser so t h a t t h i s b u i l d i nco rpo ra t ed much f a i l safe emergency 
shutdown equipment c h a r a c t e r i s t i c of unat tended t e s t r i g s . Most 
impor tan t of t h e s e were va lv ing and pliimbing betv/cen t h e v a p o r i z e r 
o u t l e t and t h e t u r b i n e i n l e t , t o shut off vapor flow, as wel l as 
between t h e vapo r i ze r i n l e t and t h e inventory con t ro l r e s e r v o i r 
t o a l low the v a p o r i z e r i nven to ry t o f low/bo i l off t o t h e depres™ 
s u r i z e d r e s e r v o i r . This l a t t e r p rov i s ion was t o prevent s i g n i f i c a n t 
f l u i d degrada t ion dur ing system shutdown due t o t h e enormous hea t 
capac i ty of t h e s a l t b a t h . 

3.3 JET CONDENSER PERFQRIJAÎ CE TESTING SUMf-aRY AT 650°F TORBIKE IIILET 

Numerous d a t a v/ere taken both wi th and wi thout t h e CRU pump 
i n s t a l l e d i n o rde r t o a s c e r t a i n t h e pump sha f t pov;er requi rement . 
Based on t h e s e measurements i t was deterroined t h a t ,935 KW were 
r e q u i r e d t o d r ive t h e pump. Based on t h e d e l i v e r e d flow and 90 
p s i pump r i s e t h e pump had an e f f i c i e n c y of . 4 8 , t h i s low value 
occur r ing due t o o p e r a t i n g t h e pump a t 1/2 i t s b e s t e f f i c i e n c y 
c a p a c i t y . 

I f a pump t h a t had a 40 p s i r i s e wi th a b e s t e f f i c i e n c y flow of 
about 11.5 g a l l o n s / m i n u t e were i n c o r p o r a t e d , t h e pump shaf t power 
would be reduced t o 260 w a t t s based on a pump e f f i c i ency of 80% 
which i s a t t a i n a b l e a t t h e s e s p e c i f i c speeds . Since t h e a l t e r n a t o r 
e f f i c i e n c y was measured t o be 92% e f f i c i e n t i n t h e 5-6 Ktl r ange , 
t h e excess 6 75 w a t t s for powering t h e ove r s i zed pump reduced t h e 
CRU e l e c t r i c a l ou tpu t by about 620 w a t t s . 

Performance d a t a were taken t^ith t u r b i n e flov/ r a t e s between 504 
t o 542 I b A r , i n l e t t empera tu res between e S S T and 662°P. The 
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measured e l e c t r i c a l power r a n g e d from 4.6 2 KWe t o 4 .9 8 KNe, Again 
t h e r e g e n e r a t o r s p e r f o r m e d w i t h an e f f e c t i v e n e s s o f 0 .8 r a t h e r t h a n 
0 , 9 , i n s p i t e o f an a t t e m p t t o modify t h e r e g e n e r a t o r m a n i f o l d s t o 
a l l e v i a t e t h e f low m a l d i s t r i b u t i o n . 

The r e s u l t i n g s y s t e m e f f i c i e n c y as measured i s shown i n F i g u r e 2 2 , 
The measured e f f i c i e n c i e s v a r i e d from 14.1% t o 14 .5%. These v a l u e s 
would p r o j e c t t o 16.8% and 17.2% i f t h e r e g e n e r a t o r e f f e c t i v e n e s s 
were 0 .9 and i f a p r o p e r l y s i z e d p"ump v;ere i n c o r p o r a t e d . 

The 650°F t u r b i n e - j e t c o n d e n s e r s y s t e m t e s t i n g was f i n i s h e d on 
August 5 , 1 9 7 0 , w i t h a t o t a l of 50 h o u r s a c c u m u l a t e d and 50 s t a r t -
s t o p c y c l e s . 

3• 4 SUM?1ARY OF JET CONDENSER ETJDURANCE TEST WITH 7 Q 0 Q F TURBINE INLET 

A new n o z z l e r i n g c a p a b l e o f d r i v i n g t h e t u r b i n e w i t h 7no°F 
s a t u r a t e d Dowtherm A v a p o r was i n c o r p o r a t e d i n t o t h e CRU. S i n c e 
t h i s b u i l d was t o run f o r e n d u r a n c e , a l l CRU p a r t s were i n s p e c t e d 
p r i o r t o r e i n s t a l l a t i o n . 

The e n d u r a n c e u n i t was run w i t h t h e 700®F n o z z l e r i n g f o r t h e 
f i r s t tlxtm on Sep tember 3 , 1970 , f o r c h e c k o u t p u r p o s e s . A t o t a l 
of 4 . 5 KWe was i n d i c a t e d a t 86% f u l l f lov/ , which was t h e power 
a n t i c i p a t e d a t t h i s f low r a t e w i t h t h e o v e r s i z e d puttap. 

S i n c e s e v e r a l of t h e a m p l i f i e r s f o r s a f e t y shutdowns were found t o 
be i n o p e r a t i v e a t t h i s t i m e , e n d u r a n c e o p e r a t i o n c o u l d n o t b e 
commenced. 

During t h a t weekend , w i t h t h e s y s t e m s h u t down, t h e s a l t b a t h 
t e m p e r a t u r e c o n t r o l m a l f u n c t i o n e d and t h e s a l t b a t h o v e r h e a t e d 
c a u s i n g s a l t o v e r f l o w . With no r e c o r d of hov/ h o t t h e s a l t b a t h 
g o t o r how l o n g i t was h o t , t h e r e was c o n s i d e r a b l e conce rn t h a t 
t h e Dowtherm A w o r k i n g f l u i d had d e g r a d e d s i g n i f i c a n t l y and formed 
d e p o s i t s on t h e i n s i d e of t h e b o i l e r t u b e . W i t h o u t removal and 
d e s t r u c t i v e s e c t i o n i n g o f t h e b o i l e r t u b e t h e d e p o s i t i o n c o u l d 
n o t b e c o n f i r m e d . Due t o l i m i t e d fund ing and s c h e d u l e , t h e 
d e c i s i o n v/as r e a c h e d t o c o n t i n u e t h e t e s t w i t h o u t t e a r d o w n and 
i n s p e c t i o n o f t h e h a r d w a r e . 

The machine was p l a c e d on e n d u r a n c e o p e r a t i o n on Sep tember 1 5 , 
1970 , w i t h p e r f o r m a n c e d a t a b e i n g r e c o r d e d p e r i o d i c a l l y on a 
d i g i t a l d a t a r e c o r d e r . Some t i m e v/as n e c e s s a r y t o shake-down t h e 
a u t o m a t i c c o n t r o l s and t h e l e n g t h of runs a t t h i s s t a g e were 
r e l a t i v e l y s h o r t . 

I t was found t h a t a f t e r 100 h o u r s , t h e o u t p u t had r a p i d l y d ropped 
t o a b o u t 3 .5 KWe, D e g r a d a t i o n p r o d u c t s from t h e s a l t b a t h o v e r 
h e a t i n c i d e n t was b e l i e v e d r e s p o n s i b l e f o r t h e r a p i d o u t p u t d e c a y . 
I t was found t h a t a s t h e nun±)er o f r u n n i n g h o u r s i n c r e a s e d , t h e 
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power output slowly de te r io ra ted but at a much slower r a t e than 
the i n i t i a l drop. This l a t t e r change, coupled with an increase 
in turbine i n l e t pressure for the same flow, indicated a slow 
buildup of decomposition deposi ts in the nozzles . 

Problems were encountered with the turbine i n l e t solenoid valve 
and i t was decided to replace the valve by a larger high tempera
ture valve which had already been tes ted and shown to be s a t i s 
factory for long l i f e . This change occurred at 238 hours in to 
the shaJcedown run. 

Between the end of the shaJcedown run and the end of the endurance 
t e s t , there were seventeen shutdowns, none due to any system com
ponent malfunction. The reasons for shutdown are l i s t e d in Table 
2. The desired 2500 hours endurance t e s t ing was achieved. 

The machine was rim for a t o t a l of 3003 hours, and the system was 
shut down on April 3 , 1971. The longest continuous run was 36 7 
hours. The r a t i o of endurance operating hours to calendar hours 
i s shown in Figure 23. During the l a s t 500 hours, the uni t was 
operating v i r t u a l l y continuously. 

On disassentoly, i t was found tha t a black carbonaceous substance 
had been deposited in the exhaust ducting. 

When the turbine wheel was removed, the reason for low power leve l 
output was iraaediately obvious. Of the eleven nozzles , three were 
con^letely blocked and another three almost blocked. 

These nozzles were a l l adjacent to one another and were the f i r s t 
ones to see the gas stream from the bo i l e r . As was feared, i t 
appeared t h a t a slug of viscous decomposition products was emitted 
from the bo i l e r in one lump and blocked these nozzles at the same 
t ime, causing a. sudden change in power output. The gradual 
decline from t h a t point resu l ted from a slow deposition in a l l 
nozzles of material coming from the bo i l e r . The decomposition 
probably occurred during the severe overtemperature a t the begin
ning of the shakedown operat ion. 

Table 2 ~ 2500 Hour Endurance Test Shutdown List ing 

No. Shutdowjfis Cause 

4 Fac i l i t y power f a i l u r e . 
8 Fai lure of a calrod in the e l e c t r i 

ca l ly pcwered bo i l e r , 
2 Fai lure of N2 supply, 
3 Inadvertent shutdown due to 

instrtamentation malfunction. 
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3 .5 CONDITION OF HARDWARE BEFORE AND AFTER SYSTEM OPERATION 

3.5.1 Turbine Wheel 

Surface condenser operation of the power system l e f t the wheel in 
the condition shown in Figure 24 ( i n l e t side) and Figure 25 (ex i t 
side) compared to the new v/heel shown in Figure 26. 

Preliminary t e s t i n g with the j e t condenser a t 650°F resu l ted in 
l i t t l e change in the wheel as may be seen from the close-up view 
of the turbine buckets shown in Figure 27 ( in le t ) and Figure 28 
(exit) . 

After the endurance operation the wheel was great ly discolored 
with a film of carbon, but there v/ere no heavy deposits on the 
blades as may be seen in Figures 29 ( in le t ) and Figure 30 ( e x i t ) . 

3.5.2 Nozzle Block 

Before operation the nozzle block was spot less ly c l ea r , as may be 
seen i n Figure 31. As previously described, the nozzles were 
t o t a l l y or p a r t i a l l y blocked by decomposition products a f te r the 
endurance operat ion, a general view being given of the nozzle block 
a f t e r t e s t i n g in Figure 32. 

lleasureraents were cade of individual nozzle diameters before 
operation and af te r opera t ion . The diameter remaining avai lable 
for the passage of gas was also measured. 

Numbering the nozzles one (1) through eleven (11), with number 
one being at the top but ac tua l ly the l a s t nozzle to be fed by the 
high pressure gas , the following resu l t s were obtained: 

Nozzle 

1 

2 

3 

4 

5 

6 

No. Before Test 

.068 

.068 

,068 

.068 

.068 

.068 

After Test 

,063 

— 

— 

.»» 

.022 

.045 

Comment 

Nozzle blocked 

Nozzle blocked 

Nozzle blocked 
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Figure 24 Turbine Wheel After Test (Inlet Side) 

Figure 25 Turbine Wheel After Test (Exit Side) 
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Figure 26 Turbine Wheel Before Test 
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Figure 27 Turbine Buckets After Test (Inlet Side) 
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Figure 28 Turbine Buckets After Test (Exit Side) 

Figure 29 Turbine Wheel Showing Discoloration (Inlet Side) 
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Figure 30 Turbine Wheel Showing Discoloration (Exit Side) 

Figure 31 Nozzle Block Before Test 
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Figure 32 Nozzle Block After Test 
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Nozzle 

7 

8 

9 

10 

11 

No. Before Tes t 

.068 

.068 

.068 

.068 

.068 

Af te r Tes t 

.020 

,050 

.054 

.052 

,058 

Coiwnent 

A photograph of nozzle No. (3) i s shown in Figure 33 before t e s t 
ing. Nozzles (1) and (2) are shwrn in Figure 34 a f te r t e s t i ng 
and nozzle (9) in Figure 35. 

As can be seen the f i r s t three nozzles to see the gas stream (2-4) 
were completely blocked and from there through to the l a s t one 
( i . e . , nuE&er (1) , they become progressively more open. 

3.5.3 Screw Seals 

Each screw seal l i n e r showed signs of having been rubbed by the 
mating par t of the shaf t , Figures 36 and 37. Before inser t ion the 
l i ne r s were cleaned and thus a l l d i scolora t ion , especia l ly not ice
able on the turbine wheel screw seal resul ted from the deposition 
of decoraposition products during operat ion. Measureitents were 
made of the in t e rna l diameters of each seal before and a f te r 
t e s t i n g . 

Alteisiator pxmxp end 

Alternator turbine end 

Turbine 

Before Testing After Testing 

2.550-2,551 2,4905-2.5505 

1,383-1.386 1.3809-1.3851 

1.109-1.111 1.1072-1.1093 

3.5,4 Radial Bearings 

3 .5 .4 .1 Purap End 

Comparison of the appearance of the wear surface of the t i l t i n g 
pads before and a f te r endurance operation showed no change in 
appearance while wear was iraKieasurable, see Figures 38 and 39. 

There was no sign of d i s t r e s s in the pivot socket of the pad, 
although there was some deposition of decomposition products 
around the edge of the socket . 
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Figure 33 Nozzle Number 3 Before Testing 

Figure 34 Nozzles Numbers 1 and 2 After Testing 
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Figure 35 Nozzle Number 9 After Testing 

Figure 36 Screw Seal Liner After Test 
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Figure 37 Screw Seal Liners After Test 
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Figure 38 Tilting Pad Bearings Before Test 

TURBINE END 

PUMP END POST ENDURANCE OPERATION 

Figure 39 Tilting Pad Bearings After Test 
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Before Test 

1.5039 

1,5023 

1.5037 

After Tes t 

1.5038 

1.5020 

1.5017 

The tip of the adjusting screws were lightly polished witii crocus 
cloth before use. After endurance running there was evidence of 
very light polishing of the contact area but no sign of any severe 
fretting. In spite of this fact the bearing clearance had increased 
from the set up value of .0015 inches to .0045 inches, but the 
cause of the increase was not obvious. However, the overall length 
of the adjusting screws had decreased somewhat even though the tips 
showed no sign of deformation. 

Pad Number 

11 

12 

16 

The journal showed no signs of deterioration or measurable wear 
after endurance operation as may be seen from Figure 40 before 
operation and in Figure 41 after testing. 

3.5.4.2 Turbine End 

The wear surface of the pads at this end show more signs of dis
tress than at the other end. A narrow band of the wear in the 
region of the adjusting screw may be seen in Figure 39, In general 
the pads were very discolored after endurance operation, presumably 
by decomposotion products which have been pumped through the screw 
seal. The bottom of each socket was badly discolored with some 
debris trapped in this location. The tips of the screws are 
polished in the contact area but no evidence of deformation exists. 
The bearing clearance had increased from .0015 inches to ,0030 
inches but laeasurements taken of the length of the adjusting screws 
actually showed no diange or a very slight increase in length. 

Pad Number 

20 

21 

22 

The journal before testina had signs of scratching and wear at the 
edges only, see Figure 42^ but after testing showed additional 
signs of distress in the center matching those found on the pads, 
as may be seen in Figure 43. However, measurements made with a 
micrometer showed no change in dimension. 
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1,5007 

1,5026 

After Tes t 

1.5059 

1.5005 

1,5029 



Figure 40 Journal Before Testing 

Figure 41 Journal After Testing 
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Figure 42 Journal with Scratching Before Testing 

Figure 43 Journal Wear After Testing 
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3.5.5 Thrust Bearings 

There was no detectable change in appearance of the thrust bearings 
during the testing of the system, as may be seen from Figure 44 
before testing and Figure 45 after testing. Axial play was reduced 
from the setup value of .005 inches to a value of .0035 inches. 
Measurements were made of the pad and runner thicknesses before 
and after testing. 

Pad Before Test 

.2523 

.2523 

,2479 

.2493 

.3049 

After Test 

.2528 

.2524 

.2482 

,2497 

,3049 

Inboard Upper 

Inboard Lower 

Outboard Upper 

Outboard Lovrer 

Runner 

3.5.6 Hydrostatic Face Seal 

Very slight wear had occurred at the seal face but nothing 
serious - see Figures 46 (before) and 47 (after) testing. There 
was no evidence of any wear debris or decomposition products in 
the hydrostatic orifices. There was some black debris on the 
inside of the seal, probably resulting from the use of vacuum 
grease to lubricate the '0' ring. The *0' rings shewed no sign 
of deterioration after their long immersion in Dov̂ therm. 

3.5 .7 Pump I rape l le r 

The only apparent change in the impeller was some discoloration. 
Figures 48 (before) and 47 (after) testing. Scratches on the tips 
of the blades resulted from checkout testing before installation 
on the CRU. 

3.5.8 Stator Housing 

Ho change in the condition of the stator was obvious after 
endurance operation. A photograph is shown of the stator potting 
in Figure 49» The cracks in the Epoxylite appeared when the 
windings were first insulated. 
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Figure 44 Thrust Bearings Before Testing 

m 
Figure 45 Thrust Bearings After Testing 
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Figure 46 Face Seal Before Testing 

Figure 47 Face Seal After Testing 
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Figure 48 Pump Impeller Before Testing 

Figure 49 Stator Potting After Testing 
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jyPPEHDIX A DETAILED SURFACE COHDEIISER POWER 
CONVERSION SYSTEll HISTORY 

The Power C o n v e r s i o n Sys tem was f i r s t a s s e n b l e d w i t h t h e s u r f a c e 
c o n d e n s e r c o n f i g u r a t i o n i n D e c e n b e r , 1 9 6 8 . A f t e r some t r i a l r u n s 
a t o t a l of a p p r o x i m a t e l y t h r e e h o u r s r t inn ing was made a t power 
l e v e l s up t o 5 ,5 Kile. Stabsequent t o t h e s e t h r e e h o u r s of 
o p e r a t i o n , numerous p r o b l e n s a r o s e , r e s u l t i n g i n t h e i n a b i l i t y 
t o run f o r e x t e n d e d p e r i o d s i m t i l NoveKtoer, 1969 . A d e s c r i p t i o n 
of t h e s e p r o b l e m s and t h e i r s o l u t i o n i s g i v e n i n t h i s s e c t i o n . 

I n i t i a l l y , t h e s t a t o r w i n d i n g s , which had been c o a t e d w i t h a 
v a r n i s h , h a d t o b e e n c a p s u l a t e d i n t h e s t a t o r h o u s i n g w i t h Epoxy
l i t e b e c a u s e of t h e a p p a r e n t i n a b i l i t y of t h e v a r n i s h t o w i t h s t a n d 
t h e c h e m i c a l a t t a c k of t h e e u t e c t i c w o r k i n g f l u i d . 

The a l t e r n a t o r s t a t o r w i n d i n g s had i n i t i a l l y b e e n p o t t e d w i t h a 
s i l i c o n e rxibber compound which p r o v e d t o svrel l i n t o t h e a i r gap 
d u r i n g a l t e r n a t o r p e r f o r m a n c e t e s t i n g . As much r u b b e r as c o u l d 
be removed w i t h o u t r u i n i n g t h e w i n d i n g was removed a t t h a t t i m e 
and t h e s t a t o r w i n d i n g s were t h e n c o a t e d w i t h t h e v a r n i s h which 
s u b s e q u e n t l y f a i l e d . 

I n a d d i t i o n , i t a p p e a r e d t h a t t h e s p l a s h s y s t e m o f b e a r i n g l u b r i ~ 
c a t i o n employed f o r l u b r i c a t i n g t h e t h r u s t b e a r i n g s was n o t 
s a t i s f a c t o r y s i n c e s c o r i n g and s c r a t c h i n g of t h e i r s u r f a c e s 
r e a d i l y o c c u r r e d d u r i n g o p e r a t i o n . I t was d e c i d e d t o u s e a 
f l o o d e d c a v i t y f o r t h e b e a r i n g h o u s i n g which s u p p o r t s t h e t h r u s t 
b e a r i n g s , l e a v i n g t h e b e a r i n g s a t t h e t u r b i n e end t o b e l u b r i c a t e d 
as b e f o r e , i . e . , w i t h a j e t o f l i q u i d i m p i n g i n g be tween two p a d s . 
Ho f u r t h e r t h r u s t b e a r i n g p r o b l e m s v/ere t h e n e n c o u n t e r e d . 

However, a f t e r t h i s d i f f i c u l t y s e v e r a l f a i l u r e s o f t h e r a d i a l 
b e a r i n g s a t t h e pump end o c c u r r e d . The o r i g i n a l d e s i g n had b o t h 
b e a r i n g s of 0 .650 i n c h e s d i a m e t e r , b u t a c a r e f u l s t u d y of t h e 
c r i t i c a l s p e e d showed t h a t t h e o v e r h u n g t u r b i n e c o n f i g u r a t i o n 
y i e l d e d a v i b r a t i o n p r o b l e m , t h e r e f o r e t h e s h a f t s i z e a t t h a t end 
was i n c r e a s e d t o 1,00 i n c h e s and a removable s l e e v e of AISI M-50 
t o o l s t e e l p l a c e d on t o p f o r e a s e of r e p l a c e m e n t . 

The f i r s t two f a i l u r e s a t t h e s m a l l pump end o c c u r r e d when u s i n g 
flarae p l a t e d t u n g s t e n c a r b i d e a s t h e j o u r n a l s u r f a c e . T h i s meant 
r e m a c h i n i n g and r e p l a t l n g a f t e r a f a i l u r e and i t was t h e r e f o r e 
d e c i d e d t o go t o a s l e e v e a r r a n g e m e n t a t t h a t end a l s o . 

The n e x t p rob l em t o a r i s e was w i t h t h e b e a r i n g pad a d j u s t i n g 
s c r e w s which n e t a l l u r g i c a l i n s p e c t i o n showed n o t t o b e a s h a r d 
a s d e s i g n e d r e s u l t i n g i n d i s t o r t i o n of t h e t i p unde r l o a d . I n 
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addi t ion , i t proved d i f f i c u l t to keep them locked m place . The 
combination of these two effec ts resul ted in bearing clearances 
opening up well beyond design. New pins of la rger diameter and 
spher ica l radius were b u i l t to reduce the contact Hertzian s t r e s s e s . 
In addi t ion, they were lengthened so as to extend out of housing 
allowing a more pos i t ive locking method to be employed. 

On 21 April 1969, the Atomic Energy Commission began t h e i r support 
of the p ro jec t . At t h i s time f i f teen runs had been made, witli a 
t o t a l accumulated time of 228 minutes. 

Three runs were then made t o fu l l speed at a low load, but each 
run proved noisy with r a the r high vibrat ion l e v e l s . These were 
followed by two consecutive fa i lu res of the pump and bear ings . I t 
was suspected at t h i s stage tha t large magnetic forces may have 
ex i s t ed due to an eccen t r i c i ty of the a l t e rna to r ro tor center of 
ro ta t ion to the magnetic c e n t e r - l i n e . Some experiments were per-
foimed at various f ie ld currents and locations of the ro to r . 
However, no force la rger than about 10 pounds could be measured 
in the worst case^ and t h e o r e t i c a l l y the bearing should be capable 
of withstanding t h i s addi t ional load. 

The machine was reassembled and a t e s t was performed with the 
a l t e rna to r completely disconnected, in order t ha t magnetic loads 
could be discounted. However, the trnit again fa i led before 
reaching 24,000 rpm, proving t h a t magnetic loading was not the 
cause of f a i l u r e . 

At t h i s stage i t was decided to order a nev? shaft with large 
bearings at both ends. In addi t ion , i t had been noted in previous 
runs t h a t resonances appeared, to occur in the generator output 
vol tage . There was speculation tha t housing resonances may have 
been causing problems. Consequently, the a l t e rna to r s t a t o r housing 
was vibrated through a v ibra t ion spectrxHit of 50 to 2000 Hertz to 
determine the values of the housing natura l frequencies. 

The l a rges t resonance of the free housing was found to be at 240 
Hertz with an amplification factor of approximately 75. I t was 
f e l t t h a t with the s t a t o r housing attached to the system t h i s 
na tura l frequency could increase t o correspond with the value a t 
which fa i lu res tended to occur, i . e . , 22,000 to 24,000 rpm. The 
problem appeared to be associated with the whole end cap which 
supports the bearings allowing large rocking ar^l i tudes in the 
axia l d i rec t ion at resonance, which the pads could not accoiroodate. 
A new t e s t stand was therefore b u i l t which would support the 
s t a t o r and end cap very firmly and prevent the large amplitudes. 

The other approach at t h i s stage was to attempt to reduce the 
exc i t ing force, i . e . , the ro to r unbalance force, which caused high 
v ibra t ion and possibly f a i l u r e . The ro tor balance up to t h i s 
time had been no b e t t e r than .007 - .009 i n . oz. The a b i l i t y to 

Appendix A 

Syndstrand Awiation 
divisiion of Sundgirand Corporation 

_ ^ 



give a b e t t e r balance appeared t o be r e s t r i c t e d by the use of 
loose sleeves on the shaft and a turbine wheel held in place with 
dowel p ins , 

The ult imate solut ion to both these problems would be taper- locks 
and material se lec t ion which would prevent par t s loosening from 
temperature r i s e or centr i fugal forces. This , howevet, i s a 
ra ther d i f f i c u l t machining operation v/ith a subsequent long lead 
tinK. The use of an adhesive for the sleeves was therefore 
ser ious ly considered and some compatibi l i ty t e s t s performed to 
see how a Loct i te product would withstand the e u t e c t i c . A 
measured shear s t rength of about 2000 ps i and a good res is tance 
to at tack by the eu t ec t i c prompted the use of t h i s adhesive, 
Using spring r o l l pins in place of dowel pins to hold the turbine 
wheel in p l ace , and with t h i s adhesive, a balance of .0015 i n . oz. 
was obtained. In addi t ion , mater ia l was removed from the wheel 
during t h i s balance operation for the f i r s t time in case wheel 
unbalance should give a large couple at fu l l speed (the rotor i s 
balanced at about 2000 rpm) . 

The un i t was prepared for running on July 24, 1969. Up to t h i s 
time the un i t had been run 23 t i n e s witli a t o t a l accumulated time 
of 265 minutes and with 6 fa i lu res of the pump bear ings . I t v/as 
decided to run completely disconnected from the a l t e rna to r and 
run the machine purely as a bearing t e s t r i g . Since there i s no 
speed con t ro l l e r wiUi the a l t e rna to r disconnected,, t h i s t e s t and 
a l l s imi lar t e s t s were made by spinnina the machine up, unloaded, 
and closing the shut-off valve as the machine reached 24,000 rpm. 
A study of the coast-down curves allowed an immediate check to be 
made on bearing condit ion, since a decrease would indicate damage. 

The f i r s t t e s t was the qu ie t e s t which had ever been made, with 
vexy low g l e v e l s . With a l l the following t e s t s the machine got 
s tead i ly no i s i e r although the coast-down time increased up to as 
high as 7.8 minutes. The machine was disassembled once to t r / to 
deteimine the cause of the noise which mainly appeared to be a 
random r a t t l e . Nothing s ign i f i c an t was found. After seventeen 
such t e s t s without a f a i lu re i t was decided to apply a load. 
Four t e s t s were made witli loads up to 3,46 K̂ Je but the noise level 
did not decrease at a l l . The machine was disassembled again for 
fur ther inspect ion . A small rub of a brass screw sea l l i n e r had 
occurred but i t was not f e l t t ha t t h i s was suf f ic ien t to cause 
a l l the no i se . 

The machine was reassembled and again run disconnected, again ver^'' 
n o i s i l y . 

I t was suggested tha t housing and t e s t stand vibrat ions could s t i l l 
be the cause of the noise and t h a t one way to lower t h e i r frequency 
without increasing amplitudes would be to add mass to the supports . 
This was done and the whole uni t was then supported more d i r ec t ly 
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from the floor instead of being supported on the ra ther flimsy 
laount previously used. 

The next run was very qu ie t and i t was apparent tha t t h i s added 
mass had changed the system. The machine was then run loaded for 
25 minutes. At t h i s time an inspection was made of the bearings 
to make sure no damage had been done. The uni t was then run again 
for 53 minutes witli loads up to 5.3 KW. The machine was operating 
very smoothly at t h i s time when i t very suddenly fa i led . Inspec
t ion of the recordings from the rtin showed tha t the combination 
of bearing i n l e t temperature and condenser hotwell pressure 
allowed the Ixibricant in the flooded housing to b o i l . A pocket 
of vapor could have prevented l iquid from lubr ica t ing the pad, 
resu l t ing in f a i l u r e . 

On disassembly i t was found tha t the shaft a t the pump end was 
bent approximately .005 inches. This could have been the cause 
of the 800 Hertz ( i . e . , two per revolution) vibrat ion which up to 
t h i s t iEe was a large component of the v ibra t ion . In addi t ion, 
disassenfoly shOfrnd t ha t the Epoxylite between the a l t e rna to r main 
lamination stacks was bulging im-mrds. Apparently the remains 
of the o r ig ina l po t t ing compound (a s i l i cone rubber) were swelling 
under the influence of the eu t ec t i c and forcing the Epoiq^iite ou t . 
I t was decided a t t h i s s tage to wind a new a l t e rna to r and to 
replace the old one a t the e a r l i e s t convenient opportunity. 

To prevent further problems with boi l ing lubr icant an o r i f i ce 
was placed in the drain l ine of the pijmp end bearing, ra i s ing 
the cavity pressure 1 ps i above the condenser pressure . I t was 
deemed unnecessary to do the sane at the turbine end as t h i s was 
s t i l l being lubricated by a j e t d i rected onto the shaft with an 
unflooded cavi ty ; any flashing of the l iquid should not in te r fe re 
vrith the l iqu id flow. 

The machine was then icxm for three hours at 3,46 KWe. I t ran 
f a i r l y no i s i ly a t f i r s t but as i t warmed up the audible noise 
level and the vibra t ion level reduced considerably, with t o t a l 
v ibra t ion levels dropping from about 1,5 peak g 's to 0.9 peak g ' s . 
The machine was run for these three hours in order to prove tha t 
the bearing system would work s a t i s f a c t o r i l y . The condensate 
temperature was kept extremely low and the pcwer level was kept 
low so t h a t the a l t e r n a t o r would be very cool . 

The machine was then run for an addit ional seven hours under the 
same condi t ions . The same noise cha rac te r i s t i c s were observed 
at s t a r t - u p , but again a f te r about 30 minutes of running the un i t 
was very qu ie t and smooth. 

At t h i s stage i t was decided to i n s t a l l the ne%r s t a t o r windings 
as the new rotor had been received. 
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The new ro tor employed two se ts of three pad, pi voting-shoe rad ia l 
bearings with a journal diameter of 1.1 inches. The bearing 
support housing at the pxjmp end^ which, in the pas t , has been very 
prone to bearing f a i l u r e , was made more massive with the in tent ion 
of r a i s ing the na tura l frequencies well above the operating range. 
Since the new s t a t o r was v/oxind exactly as the f i r s t and the new 
rotor i s the saite as the o ld , i t was not deemed necessary to 
repeat the ca l ib ra t ion process . 

The ne\/ machine was run for the f i r s t time on October 1, 1969 
(Run #62), with the a l t e rna to r e l e c t r i c a l l y disconnected, i . e . , a 
spin-i:^ and run-dov/n t e s t was made. The f i r s t observation was 
tha t the run-down tiite was much shor te r than with the previous 
machine and tha t the temperature r i s e across the bearings was 
much higher , leading to the conclusion of s ign i f ican t ly higher 
power l o s s e s . 

Since l iqu id drag in the a l t e rna to r housing i«ras suspected of being 
the cause of the problem, a scavenge j e t pump was introduced to 
remove any l iqu id which might leak through the screv? s e a l s . 
However, t h i s appeared to have l i t t l e effect on the power l o s s . 

Up to t h i s tirrm o r i f i c e s in the bearing drains had been used to 
give flooded cav i t i e s for bearing lubr ica t ion . Ifhen these were 
removed the power losses decreased but the machine became qui te 
noisy. Evidently l iqu id in the bearing housings was causing the 
high l o s se s , but a lso damped out some of the v ib ra t ions . 

Various lubr ica t ion configurations were employed to t ry to find 
the optimum nethod which would give quie t operation with low 
power losses . Attempts at a scavenged bearing housing^ dependent 
upon splash for l ub r i ca t ion , were not very successful . Scratching 
of the loaded t h r u s t bearings occurred during many of these runs. 

Quite high bearing flows (approximately 0.1 gpm per bearing) had 
been run during a l l these t e s t s , since i t was f e l t t h a t ample flow 
should be provided to keep the bearings cool, Wiis proved to be 
a delusion since a reduction in flow (to .05 gpm) resul ted in a 
d r a s t i c reduction in power l o s s . 

I t appeared impossible to make the machine run quie t ly while 
scavenging the bearing housing and depending upon splash l u b r i 
ca t ion . Apparently the unloaded t h ru s t bearings were r a t t l i n g 
considerably, while the loaded ones appeared to be very suscept ible 
to scoring and metal pick-up, presumably due to poor lubr i ca t ion . 

Individual li&e j e t s for the loaded t h ru s t bearings were added and 
the flow ra tes adjusted to t r y to obtain successful operat ion. At 
t h i s s t age , during Run #92 on October 16, 1969, a f a i lu re of the 
pump end rad ia l bearings occurred, Disasseinbly showed the presence 
of many wear chips in the i n t e r n a l , imloaded th rus t bearing cav i ty . 
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These wear chips were non-magnetic and were suspected to have come 
from the chroiae-plated t h r u s t face. Apparently a chip had reached 
a r ad i a l bearing pad and caused f a i l u r e . No damage occurred to 
the turbine end rad ia l bear ings . 

Before reassentoly, individual lube j e t s were provided for the 
r ad i a l bearings a t the pump end and for the unloaded t h r u s t 
bear ings . 

Further liabrication configurations were attempted u n t i l by Run 
#104, November 5, 1969, the f ina l operating configuration was 
chosen and maintained for the remainder of the surface condenser 
t e s t i n g . This employed individual lube j e t s for a l l bearing pads 
at the ptorap end. Separate scavenged drains for the inner and 
outer t h r u s t bearing cav i t i e s enabled the outer t h ru s t disc to 
run dry (except for t h a t l iqu id required for lubricat ion) while a 
short drain stand-off i n the inner cavity gave an annular r ing of 
l iqu id of known s i ze a t the O.D., j u s t su f f i c ien t to damp out the 
pad r a t t l e . 

V îth the f ina l operating configuration es tabl i shed , fu l l speed 
power losses could be calculated from the slope of the run-down 
curve at 24,000 irpm using the value for the mass i n e r t i a of the 
ro ta t ing port ion of the machine. 

Spin-down t e s t s , see Figure A-1, with t h i s configuration showed a 
t o t a l t a r e loss of approximately .450 KU of which 70 watts are 
calcula ted to be windage losses a t a cavity pressure of 0.1 p s i a . 
Spin-down curves are shm^n a t d i f ferent bearing flow r a t e s . These 
flow ra tes are higher than no335al operating values (appxDximately 
.08 gpm t o t a l flow) s ince , a t shutdown, bearing flow increases as 
the system flow goes to zero. The quoted value i s based on 
ext rapola t ion to the operating value. Thus the bearing power 
losses are somewhat higher than t h e i r calculated values , which 
were 125 watts per r ad i a l bear ing , and approximately 40 watts for 
the t h ru s t bearings (approximate because of lack of complete 
def in i t ion of t h r u s t load) . 

At t h i s s tage i t was decided to run the machine for a period of 
time to prove tha t the operating problems had been ironed out . 
The machine was therefore run u n t i l a t o t a l of 100 hours had been 
accumulated. This time was achieved at off-design thermodynamic 
condi t ions , and using a f a c i l i t y pump to provide system flow. 
Typical operating conditions during t h i s period are given in Table 
A-1 taken from Run #108. 

The operating behavior of the machine followed a reproducible 
pa t te rn during the s t a r t - u p mode. Having f i r s t reached fu l l speed 
the CRU operated q u i e t l y , with vibrat ion ' g ' levels less than 1.0 
(monitored a t the pump housing) . As i t warmed up, however, i t 
would s t a r t running more no i s i ly with ' g ' levels going as high as 
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Table A-1 Summary of Operating Conditions During 100 Hour Operation 

System Flow Rate 
Turbine Inlet Temperature 
Turbine Inlet Pressure 
Turbine Exit Pressure 
Condenser Hotwell Temperature 
Regenerator Vapor Inlet Temperature 
Regenerator Vapor Outlet Temperature 
Regenerator Liquid Inlet Temperature 
Regenerator Liquid Outlet Temperature 
Total Electrical Power 

450tb/hr 
672°F 
60 psia 

0.4 psia 
2150F 
5720p 
315OF 
2070F 
4680F 

4.23 kwe 
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3.0 g ' s . Final ly when the hotvrell was above about 200''F and the 
whole machine had warraed up i t would quie t down considerably and 
r\m at v ibrat ion levels of l e s s than 1 g again. 

After the f i r s t 100 hours had been achieved, son^ t e s t runs were 
made to t ry to determine the source of the noisy operation a t 
s t a r t - u p . Var^'-ing the back-pressure had no effect on the noise 
or v ibra t ion l e v e l . The noise level appeared to be a function of 
temperature l e v e l . I f the hotwell temperature was allowed to come 
up slowly, the CRU would begin to quie t down above about 150-160°F 
and by 200°F i t would be q u i e t . Eov?ever, i f the temperature was 
brought up very quickly to 200®F (by d ra s t i c reduction in glycol 
flow r a t e ) , i t would s t i l l be noisy at 200°F, but a f t e r a period 
of time at t ha t temperature i t would quie t down. 

I t appears t ha t the noise i s associated with a c r i t i c a l speed. 
An increase in temperature has two effects on the bearing 
operat ion. The decrease in v i scos i ty w i l l cause an increase in 
bearing s t i f f n e s s , which w i l l follow hotwell temperature almost 
immediately. On the other hand, an increase in temperature w i l l 
cause an increase in bearing clearance because of d i f f e ren t i a l 
expansion r a t e s . This w i l l probably r e su l t in a decrease in 
bearing s t i f f n e s s , but t h i s ef fec t w i l l be more slow, since the 
housing w i l l take sorm time to heat up. 

Therefore, i t seems tha t at the constant operating speed the 
machine experiences a thermally induced c r i t i c a l speed resu l t ing 
in noisy operation during tha t t ime. 

Attempts were made a t t h i s stage to run at design operating con
d i t i o n s . The hotwell was brought up to design temperature and 
pressure , but the f a c i l i t y Cherapump was incapable of del ivering 
design flow r a t e s . As the flow ra te was increased the bo i l e r 
i n l e t pressure decreased u n t i l the l imit ing stage was reached 
where there was insu f f i c i en t pressure to drive more flow through 
the b o i l e r . 

The pump impeller was put on the machine at t h i s s tage , with a 
bacl-c-side clearance of .016" and front-s ide clearance of .027". 
The impel ler . Figure A-2, i s a modified form of the Barske purap, 
using angled s l o t s ins tead of r ad i a l vanes. There are r ad i a l 
s l o t s on the back side of the pump to reduce pump leakage. 

A j e t pump was plumbed in p a r a l l e l with the f a c i l i t y pump j e t 
pump in order to induce the CRO pump. This could be driven by 
e i t h e r the f a c i l i t y C2iempump or the CRU pump. 

The operating procedure for pump t e s t i n g involved running on the 
f a c i l i t y pump u n t i l the system had a t ta ined quie t operat ion. The 
CRU pump o u t l e t valve was then opened and primary flow introduced 
from the j e t pimp (driven a t t h i s stage by the f a c i l i t y pump). 
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The flow from the CRU pump was then increased, either by increasing 
tlie system flow rate or by valving out the facility pump. In this 
way head-flow characteristics could be obtained. 

f̂hen the pump was started two things were inroediately noticed. 
The vibration levels at the pump end increased considerably, at 
low flow rates going up to 3 g's, while for high flow rates 
reaching as high as 7 g's. This fact was attributed to hydraulic 
noise from the pump. The levels at the turbine end decreased, 
however, possibly due to damping of shaft vibrations by the liquid. 

The available electrical power dropped considerably, by as much 
as 2 KWe. In addition the bearing outlet temperature increased 
slightly and the bearing cavity pressure increased from its normal 
level of about 0,6 - 0,7 psia to values as high as 1,5 psia. 
Apparently high leakage down the back of the pump and through the 
screw seal was occurring. This flow was leaking into the bearing 
cavity, where churning losses from the 2.S inch diameter thrust 
runners were occurring. 

The best that could be obtained from the CRU pump under these 
conditions was about 2.2 gpm at 90 psia. The CRU pmap inlet 
pressure was as low as 2.8 psia (it was not felt to be safe to 
go lower) and the jet pump mass ratio was 1.3:1.0, It was felt 
that the jet pump should be able to perform better (it may not 
have had sufficient secondary pressure) and therefore it was 
replurabed in a lower position with lower pressure drop secondary 
lines. Pressure-flow characteristics for the pump are shown in 
Figure A-3. 

At the same time the bearing inlet lines were pltambed directly to 
the facility pump, to provide better protection in the event of 
losing flow from the CRU puiap. The new loop schematic is shown 
in Figure A'-4 with a photograph in Figure A-S. 

It was decided to try to reduce pump leakage by reducing the back
side clearance to .005". It was felt that allowing the front 
clearance to increase would not affect pump characteristics 
significantly. Inspection of Figure A-3 confirms this* Also a 
flow meter was inserted in the CRU pump primary so that a direct 
measurement of pump leakage could be obtained. 

With the new plumbing the pump was used to deliver the entire system 
flow, i.e. with the facility pump delivering bearing flow only. A 
maximum system flow rate of .86 gpm, i.e. 422 Ibs/hr,, was obtained. 
At this condition the CRU pump was delivering 2.5 gpm at 85 psia 
with a jet pump mass ratio of 1,2;1» The additional flow was being 
used for the jet pump and the scavenge pump flow. The latter was 
not allowed for in the original design and is the reason for the 
inability to reach design system flow. By comparison of inlet and 
outlet flows to and from the CRU pump, it was determined that 
approximately 0,2 gpm was leaking into the bearing cavity. This 
combined with the increase in liquid temperature allowed a direct 
calculation to be made of the churning power losses. 
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After this test a run (#138) was made using both the facility 
Cherapump and the CR0 pmap to deliver system flow rates around the 
design value 1535 Ib/hr), to obtain data points. It was decided 
at this stage that no attempt would be made to eliminate the pump 
leakage or to increase the pump flow, but that when the' new pump 
impeller; designed for jet-condenser flow rates, was integrated 
into the system these problems would be solved. 

Table A-"2 presents a summary of the history of the machine in the 
surface condenser configuration. 

Surface Condenser Performance Evaluation at 650 ̂F 

Five data points were taken during run #138 at different system 
flow rates around the design value. Two points were immediately 
discarded because of wet turbine flow, shown by the low turbine 
exit temperature. 

These data were then reduced to give turbine and cycle efficiencies. 
The methods of obtaining these efficiencies are given in the 
following sections. In addition^ the regenerator effectiveness 
was determined and is presented. 

Determination of Turbine l-lheel Efficiency 

For this determination it was necessary to compare the actual shaft 
work done by the turbine wheel to the ideal turbine power based on 
the enthalpy drop and mass flow. 

The determination of the shaft power is complicated by the 
additional churning losses resulting from the pump leakage. Once 
the valve of leakage was measured by comparison of the pump inlet 
and outlet flows, the total flow passing into the bearing cavity 
could be obtained. This, combined with the liquid temperature 
rise across the bearing cavity, gave a value for the total power 
loss in the cavity. The total bearing losses were determined by 
inspection of spin-down curves. These total losses were approx
imately ,390 KW, while the calucalted loss for one radial bearing 
is 125 KW. If the assumption is made that the latter value is 
slightly low and a value of .150 KW is instead assigned to a 
radial bearing loss, then the praap end bearing losses become .24 KW. 
This loss was subtracted from the total loss measured by temperature 
rise and hence the value resulting from liquid churning was obtained. 

The pump hydraulic work was obtained from the head rise and mass 
flow. An estimate of 40% was made for the pump efficiency based 
on past experience with similar pumps, which enables a value of 
equivalent shaft work to be determined. 

The efficiency of the alternator {which includes rotor windage) at 
the operating power level was found from Figure A-6. This, combined 
with actual observed electrical power, gives the equivalent shaft 
power. 
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TabSe A-2 Summarized History of 6 KWe Power Conversion System - Surface Condenser Configuration 

Total Hours On Old Rotor 
Total Starts On Old Rotor 

Total Hours On Modified Rotor 
Total Starts On Modified Rotor 

Total Hours On Existing Pump Bearings 
Total Starts On Existing Pump Bearings 

Total Hours On Existing Turbine Bearings 
Total Starts On Existing Turbine Bearings 

Total Hours With CRU Pump 
Total Starts With CRU Pump 

19.6 
61 

141.6 
78 

138.5 
47 

105.5 
30 

35.9 
16 
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Thus the total shaft work done by the turbine, consisting of? bearing 
losses, Chruning losses, dissipative alternator losses, hydraulic 
pump work and useful electrical power, may be obtained. These values 
were then compared to the ideal turbine power to give the turbine 
efficiency, as shown in Table A~3. 

Determination of Cycle Efficiency 

The cycle efficiency is based upon the electrical output and the 
heat added in the boiler. The heat rejected based on enthalpy 
change across the condenser would be complicated by the high flow 
rates used for the scavenge pump (which have been cooled in the 
facility pump) and by the hot liquid from the bearing drains 
entering the condenser. 

Thus the Power Conversion System efficiency will be given by 

^PCS = ^electrical 
Qadded 

The existence of heat losses in the system make this value a lower 
limit estimate. 

It vms felt that the determination of cycle efficiency from these 
data points should malce the assumption that pump leakage could be 
eliminated. In this case the additional power loss attributed to 
liquid churning would be directly available for useful electrical 
power. Therefore, if the churning losses are multiplied by the 
alternator efficiency at the approximate operating power level, a 
total value of useful electrical power can be obtained and used for 
calculating npeg' 

On the other hand the CRO pump was not supplying the total flow 
during the test. Previous testing of the pump showed it to be 
capable of supplying about O.SO gpm (with adequate scavenge pump 
flo%/) out of 1,02 gpm system flow. The difference between these 
two flows, plus the additional jet pump primary flow (with an 
estimated 1.2:1 mass ratio) amounts to approximately another 0.5 gpm 
required from the CRU pump. The pumping power required for this 
extra flow must be subtracted from the observed electrical output. 

The heat added in the boiler was calculated from the enthalpy 
increase from the regenerator outlet to the turbine nozzle inlet 
and the system mass flow rate. The resulting estimates for cycle 
efficiency are shoim in Table A-4. 

In Figure A-7 a comparison is made of design state points and the 
state points which existed in data point number 5 of run #138, 
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TaWe A-3 Determiitation of g KWe PCS TiirWne Wheel Efficieney From Run No. 138 

Data Point Number 
Pump Leakage Flow 
Pump Bearing Lubricant Flow 
Total Bearlrvg Cavity Flow 
Bearing Cavity Temperature Rise 
Total Bearing Cavity Power Loss 
Churning Power Loss 
Total Bearing Power Loss 
Pump Flow Rate 
Pump Head Rise 
Pump Hydraulic Work 
Pump Shaft Power |$t 40% 

Efficiency! 
Alternator Electrical Power 
Alternator Shaft Power (at 91.5% 

Efficiency) 
Dissipative Alternator Shaft Power 
Total Shaft Power 
Turbine Inlet Pressure 
Turbine Inlet Temperature 
Turbine Outlet Pressure 
System Flow Rate 
Ideal Turbine Power 
Turbine Wheel Efficiency 

Ib/hr 
Ib/hr 
Ib/hr 
op 
kw 
kw 
kw 
Ib/hr 
ft 
kw 

kw 
kwe 

kw 
kw: 
kw 
psia 
op 
psfa 
Ib/hr 
kw 

1 
122,0 
20.5 

143.0 
100,0 

1.84 
1.60 
.39 

i2oao 
200.0 

.091 

.226 
4.45 

4.85 
.05 

7.12 
68.7 

660.0 
.30 

529.0 
10.68 

.67 

4 
122-0 
20.5 

143.0 
101.0 

1.84 
1.60 
.39 

1250.0 
202.0 

.092 

.229 
4.25 

4.65 
.05 

6.92 
66.7 

664.0 
.29 

509.0 
10.34 

,67 

5 
118.0 
20.5 

139.0 
96.0 

1.70 
1.46 
.39 

1270.0 
191.0 

.087 

.216 
4.45 

4.85 
.05 

6.97 
65.7 

674.0 
.29 

501.0 
10.22 

.68 

Table A-4 Deteri»in«»on of 6 KWe Power Conversion System Cycle Efficiency 

Data Point Number 
Measured Electrical Power kwe 
Measured Churning Power Loss kw 
Additional Pump Power Required* kw 
Equivalent Alternator Power (at 

92.0% Efficiency) kwe 
Net Available Electrical Power kwe 
Turbine Inlet Pressure psia 
Turbine Inlet Temperature "̂ F 
Turbine Inlet Enthalpy BTU/fb 
Regenerator Liquid Outlet Temp. op 
Regenerator Liquid Outlet Enthalpy BTU/lb 
Enthalpy Rise Across Boiler BTU/lb 
System Mass Flow Rate !b/hr 
Heat Added in Boiler kw 
Cycle Efficiency It̂ p^g) 

1 
4.45 
1.60 
0.062 

1.41 
5.86 

68.7 
660,0 
400.5 
448.0 
175.0 
225.0 
529.0 
34.9 

.168 

4 
4.25 
1.60 
0.049 

1.42 
5.67 

66.7 
664.0 
402.6 
449.0 
17S.7 
226.9 
509.0 
33.6 

.169 

5 
4.4S 
1.46 
0.040 

1.30 
5 J 5 

65.7 
674.0 
407.6 
457.0 
180.0 
227.6 
501.0 

33.4 
.172 

* Based on a pump efficiency of 40% 
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Determination of Regenerator Effectiveness 

Comparison of the heat removed from the vapor to the heat added to 
the liquid in the regenerators shows little heat loss to the sur
roundings , presumably because of good insulation. 

The regenerator effectiveness is defined as 

TRVI - TRVO 
e - TWr^~K?El 

where TRVI is the vapor inlet temperature 
TRVO is the vapor outlet temperature 

and TRLI is the liquid inlet temperature. 

Table A-5 gives the effectiveness values obtained during the testing. 
It can be seen that values of effectiveness of 0,80 were measured. 
This is lower than the design value of 0.90, but it was shown in 
previous tests on a spare regenerator that a gravity-induced flow 
maldistribution existed in the regenerator modules when oriented 
as in the test loop. The two regenerators to be used for future 
testing of the 6 K̂'Je PCS have had flow restriction orifices added 
to increase their liquid side pressure drop which corrects the flow 
maldistribution. 

If these regenerators had been used in the surface condenser 
testing, higher cycle efficiencies would have resulted. The values 
of cycle efficiency can be calculated based on the regenerator 
liquid outlet temperature x̂ hich would have resulted with a .90 
effective regenerator. 

TRLO » TRLI + ^ C£2 (TRVI ~ TRLI) 
CPL 

where e = regenerator effectiveness 
CpTf = vapor specific heat (0.41 btu/lb) 
>£ = liquid specific heat (0.48 btu/lb) 

= regenerator liquid outlet temperature. 
Using this new value of liquid outlet temperature^ a new value of 
heat added in the boiler and hence cycle efficiency may be obtained. 
The results of this investigation are also shown in Table A-5, 
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Table A-5 Regenerator Effectiveness From Run No, 318, and the Effect of a 0.90 Effective Regenerator 
on Cycle Efficieney 

Data Point Number 
Regenerator Vapor Inlet Temp. 
Regenerator Vapor inlet Pressure 
Regenerator Vapor Inlet Enthalpy 
Regenerator Vapor Outlet Temp. 
Regenerator Vapor Outlet Pressure 
Regenerator Vapor Outlet Enthalpy 
System Mass Flow Rate 
Vapor Side Heat Loss 
Regenerator Liquid Inlet Temp. 
Regenerator Liquid Inlet Enthalpy 
Regenerator Liquid Outlet Temp. 
Regenerator Liquid Outlet Enthalpy 
Liquid Side Heat Gain 
Regenerator Effectiveness 
Regenerator Liquid Outlet Temp. 

with 0.90 Effective Regenerator 
Regenerator Liquid Outlet Enthalpy 
Turbine Inlet Enthalpy 
Heat Added in Boiler 
Useful Electrical Power 
Cycle Efficiency Using 0.90 

Effective Regenerator 

op 
psia 
BTU/lb 
op 
psia 
BTU/lb 
Ib/hr 
BTU/hr 

°F 
BTU/lb 
Of 

BTU/lb 
BTU/hr 

op 
BTU/lb 
BTU/lb 
kw 
kw 

1 
534.0 

0.30 
345.8 
320.0 

0.30 
258.0 
529,0 

46500* 
264.0 
86.3 

448.0 
175.0 

47000* 
.792 

471.0 
187.2 
400.5 

32.8 
5.82 

.177 

4 
543.0 

0.29 
349.9 
316.0 

0.30 
256.6 
509.0 

48800 
260.0 

84.5 
449.0 
175.7 

48200 
.802 

477.0 
190.5 
402.6 

31.3 
5.62 

,179 

5 
553,0 

0.29 
354.4 
320.0 

0.30 
258.0 
501.0 

51000 
261.0 
85.0 

457.0 
180.0 

50200 
.799 

485.0 
194.6 
407.6 
31.2 

5.70 

,182 

*Thls discrepancy probably results from an erroneous thermocouple reading 

# 
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APPEITDIX B DETAILED JET CONDENSER 
COHFIGURED SYSTEM niSTORY AT 650° TURBIIIE IKLET 

After the 650°F turbine inlet temperature testing was completed, 
using a surface condenser, with which a cycle efficiency of 17^ 
v/as achieved, the unit x-ms disassembled and a new test stand was 
built, designed to allov? unattended endurance operation. 

An electrically heated salt bath boiler V7as designed for the jet 
condenser operation, since it was felt to be inherently more 
dependable. This boiler had a total capacity of 60 KT'7 electrical 
input of which 15 mi was modulated by silicon controlled rectifiers 
and the other 45 W consisted of three banks of constant power, 
/̂hich could be added one at a time. This allowed the turbine inlet 
temperature to be set at any predetermined level. The boiler tube 
itself consisted of a one-pass, helically coiled tube immersed in 
the molten salt. 

The new test loop, shown in Figure B-1 and B~2 incorporated a jet 
condenser and associated plvimbing. 

The system reservoir was a tank which used pressurized nitrogen on 
one side of a rubber bladder to control the jet condenser recovery 
pressure. The jet condenser outlet commutes witli the reservoir as 
shown in Figure B~2. 

Positive displacement facility pumps were provided in the system for 
start-up and prelimianry check-out. A large, low pressure drop filter 
was incorporated to protect the jet condenser nozzles and the total 
system from any chips of foreign particulate matter^ while a separate 
filter was employed for the bearing flow, 

I-Jhere feasible the system plumbing was welded or brazed in order to 
reduce the possibility of air leaks. All the plumbing stab as sent) lies 
were thoroughly cleaned and leak checked prior to assembly and the 
final unit was also leak checked. A gold 'o' ring seal vras again 
used for the hot gas seal, since it was felt that this was the best 
solution available for use with the existing non-weldable flanges. 

Two problem areas had arisen during the testing of the PCS with the 
surface condenser, which at the time of installation of the jet 
condenser had not been solved. Firstly, the tilting pad bearing 
pivots had shown signs of definite fretting erosion after 142 hours 
operation on the surface condenser. Also the visco seal employed 
to prevent overboard leakage from the centrifugal p\amp to the 
bearing cavity had been ineffective in preventing leakage and high 
churning losses. It was realized that the jet condenser version 
would generate higher pump pressures and consequently has a potentially 
higher leakage rate. 

A hydrostatic face seal was designed, which depends on pixmp pressure 
to provide hydrostatic lift, allov/ing small axial clearances to be 
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Figure B-1 Endurance Test Loop 
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maintained and a theoretically infinite life. The bearing pivots 
were coated with various dry film lubricants on the first assentjly 
so that the coating with the most satisfactory wear performance 
could be applied in future builds. 

The pvmp impeller originally intended for use on the PCS was a 
multivaned centrifugal pump cast in stainless steel from a brass 
impeller designed to run at 20,000 rpm. All attempts at this 
casting were unsuccessful and finally it was decided to employ the 
original brass impeller with slight modification. The impeller 
is shown in Figure B-3. 

The test loop was designed to enable unattended operation with 
fail-safe emergency shut-down capability. Basically^ certain 
important parai^ters, notably, bearing flow, rotational speed, 
bearing housing vibration, jet condenser recovery pressure and 
boiler outlet temperature were sensed by appropriate instrumentation. 
l?hen the value of the parameter did not meet predetermined upper 
or lower limits an emergency shut-down was automatically called for. 

IJhen an emergency shutdown occurred, the turbine inlet and boiler 
inlet valves closed and a boiler vent valve opened, allowing the 
boiler inventory to be vented to the system reservoir which at 
the same time was vented to atmospheric pressure, thus preventing 
large liquid inventories from being at the high boiler temperature 
for extended periods of time. In addition, emergency bearing flow 
and scavenge pump flow was provided for three minutes, which was 
ample time for rotor spin-down, since the latter was greatly 
shortened by the addition of full electrical load (12 W) on a 
shutdown. The liquid used for bearing lubrication and scavenge 
pump flow, and any liquid which remained in the jet condenser, was 
drained from the condenser into a sump through a valve which opened 
on shutdown. The jet condenser inlet valve was, of course, also 
closed and the boiler electrical power turned off at the same time. 
Emergency bearing flow was provided by a pressurized tank plumbed 
in parallel with the lube pump. 

Instrumentation was added to the system to measure all important 
operating parameters and these values were recorded in digital format 
at preselected time intervals. In addition, a continuous strip 
recording was made of the more important parameters. The control 
console shown in Figure B-4 allowed different alternator loads to 
be selected, thus adjusting the load distribution between the main 
alternator and speed control dissipator alternator. Electrical 
boiler lieater power could also be selected, depending on the 
system flow rate. The test stand assembly was completed in April 
1970 using the 650®P nozzle block. Conversion to the high inlet 
temperature would merely require a change of nozzle block. Before 
rotation the jet condenser operation was checked out and liquid 
flowed through the lines to flush them thoroughly. 

Initial checkout of the rotating hardware was performed without the 
pump or its seal, and system pressure was provided by facility 
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Figure B-3 Pump Impeller for Jet Condenser Configuration 

# 

Sundstrand Aviation 
dKliioi of Suiidsi''an(i Corporation 

Appendix B 
Page 5 



• 

Figure B-4 Endurance Operation Control Console and Instrumentation 
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pumps. The initial test runs were dynamically successful, but 
speed control and pov/er output were both unobtainable. These 
problems were traced to blown fuses and reversed rotor polarity. 

Many shakedown runs were then performed on the system. Unfortun
ately air inleakage caused jot condenser floodouts on many occasions 
before turbine rotation, but this was finally traced to leakage 
around the gold seal and the partial blocking of the vacuum pump 
line by scavenge pump,flow when no vapor was being passed. 

At this stage full speed operation could not be obtained even at 
high system flows. It was found that the alternator housing was 
funning flooded and that very high churning losses were occurring. 

\-1ith these shakedown problems rectified the machine ran smoothly 
with low vibration levels and was capable of delivering approxi
mately 5.75 M'lQ (without the integral pump). It was determined 
that the turbine back pressure at design flow was higher than 
design and it was theorized that this was due to incorrect axial 
location of the jet condenser liquid nozzles, causing the condenser 
vapor nozzle to choke and give a higher pressure level. 

After about eleven hours operation the turbo-alternator was removed 
for installation of the pump and seal. 

The bearing adjusting screws were inspected and of all the coatings 
the thin silver plating was far superior, with no signs of any wear 
at all. Consequently six pins were plated v̂ ith .0004" of silver 
and installed for the ne\^ assembly. 

The machine was reassembled on the test stand t*ith the pump and seal 
and with a spacer to relocate the jet condenser nozzles. 

At first start up, with the pvmp dead-headed, the vibration levels 
were very high, but as soon as the pump delivered flow and the 
facility pumps were turned off, the system ran at very low vib
ration levels, of the order of 2 g's peak. 

However, a maximum of about 5 IxI'le only was available. This led to 
low system efficiencies of the order of 13%. The thermodynamic 
conditions indicated a high turbine efficiency, sufficient to give 
approximately 6 Klfe with all the accountable losses. Also the 
regenerator effectiveness was measured to be the very low value of 
71% even though they had been reworked to improve their value from 
80% to their design value of 90%, However, there appeared to be 
poor flow distribution on the liquid side of the regenerators^and 
therefore orifices were added in an attenpt to try to cure this 
problem. This brought the effectiveness up to about 80%, still 
much lower than the design value. 

Inspection of the new seal at this stage showed no signs of damage 
on wear, and measurement of the drain temperature which carried away 
the seal leakage indicated very lov; leakage rates. 
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Tests were then performed in an attempt to find the reasons for the 
lov? power outlet. These tests exonerated the new seal and the 
alternator. Spin-down testr showed no evidence of liquid churning 
losses and so finally the conclusion was reached that the pump 
efficiency was lov/er (approximately 50%) thc.,i expected, resulting 
from operation at much lower flov? rates than design. In addition 
the turbine back plJfessure was still slightly higher than design 
and much higher than it had been during surface condenser operation. 
Unfortunately, the effect of turbine back-pressure at the desiqn 
flow rates was not easy to determine since the jet condenser would 
not operate at levels lower than about .5 psia under this condition. 
However, checking at lower flow rates showed that a drop of back 
pressure from about .5 to .3 psia gave an additional .5 KWe. 
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APPENDIX C DETAILED HISTORY OP 6 EMe ENDURAIJCE TEST 
AT 700*F TURBINE INLET 

At this stage the turbo-alternator was removed from the test stand 
for installation of the 700°F nozzle block. The boiler tube was 
recleaned at this stage to remove any deposits which may have built 
up due to air inleakage during previous testing. All important 
dimensions, such as tlriose of bearins, seals, etc., were measured 
and recorded for checking after endurance operation. Photographs 
v/ere also taken of the hardware prior to installation for comparison 
purposes, 

The endurance xinit was run with the 700°P nozzle ring for the first 
time on September 3, 1970, for checkout nurposes. A total of 
4.5 K-Je was indicated at 86% full flow, which was the povrer anti
cipated at this flovz rate with the oversized pump. 

Since siveral of the amplifiers for safety shutdowns were found to 
be inoperative at this time, endurance operation could not be com
menced. 

During that weekend, with the system shut down, the salt bath 
temperature control malfunctioned and the salt bath overheated 
caused salt overflow. With no record of how hot the salt batli got 
or how long it was hot, there was considerable concern that the 
Dov/therm A working fluid had degraded significantly and formed 
deposits on the inside of the boiler tube. Without removal and 
destructive sectioning of the boiler tube the deposition could not 
be confirmed. Due to limited funding and schedule, the decision 
was reached to continue the test without teardown and inspection of 
the hardware. 

The machine was placed on endurance operation on Septentoer 15, 1970, 
with performance data being recorded periodically on a digital data 
recorder. Some time was necessary to shake-down the automatic 
controls and the length of runs at this stage were relatively short. 

It was fotmd that after 100 hours, the output had rapidly dropped 
to about 3.5 W e . Degradation products from the salt bath overheat 
incident was believed responsible for the rapid output decay. It 
was found that as the niimber of running hours increased, the power 
output slowly deteriorated but at a much slower rate than the initial 
drop. This latter change, coupled witti an increase in turbine inlet 
pressure for the same flow, indicated a slow buildup to decomposition 
deposits in the nozzles. 

Problems vmre encountered with the turbine inlet solenoid valve and 
it was decided to replace the valve by a larger high temperature 
valve which had already been tested and shovm to be satisfactory 
for long life. This change occurred at 238 hours into the shake
down run. 
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During the reset of the endurance operation no problems v/ith the 
actual system occurred. Shutdowns occurred but all resulted from 
facility failures, notably electrical boiler failure, pov̂ er failure 
and nitrogen pressure failure. 

The machine was run for a total of 3003 hours, with a down time 
for the whole period of 26.6%. The machine was started 56 times 
during this period which lasted approximately six months, and the 
longest continuous run was 367 hours. 

After 3000 hours it was decided to dismantle the turboalternator in 
an attempt to determine the cause of the discrepancy in measured 
power levels and the reason for the low value of power output. 

On disassembly it v/as found that extensive blaci: carbonaceous 
deposits had been deposited in the exhaust ducting, presumably 
resulting from air inleakage during the turbine bypass start-up 
phase early in the endurance testing. 

t'flien the turbine wheel vms removed the reason for low power level 
and the output discrepancy was immediately obvious. Of the eleven 
nozzles, three v?ere completely blocked and another three almost 
blocked. 

These nozzles were all adjacent to one another and were the first 
ones to see the gas stream from the boiler. It is postulated that 
a slug of viscous decomposition products were emitted from the 
boiler in one lump and blocked these nozzles at the same time, 
causing a sudden change in power output. The gradual decline from 
that point resulted from a slow deposition in all the nozzles of 
material coming from the boiler. The decomposition probably 
occurred during the severe overtemperature at the beginning of the 
endurance operation. 

Inspection of the radial and thrust bearings and hydrostatic face 
seal showed their condition to be almost as at start-up. The 
bearing adjusting screws showed no serious wear, just a slight 
polished area at the contact point. 

The bearings are shown in Figure C-1 after the completion of the 
endurance testing and the hydrostatic face seal and pump impeller 
is shown in Figure C~2 after 3030 hours operation. 

Summarized below are the details of the bearings used in the 
endurance operation. 

Turbine Bearing Pump Bearing 

Total Hours 3164 3170 
Total Starts 135 152 
Total Hours on One Build 3011 3011 
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Figure C-2 Pump Impeller and H- prostatic Face Seil After Endurance Operation 




