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ABSTRACT 

Testing of a Lysholm he l ica l  screw expander having a ro tor  

diameter of 5.12 inches and an expansion r a t i a  of 5.3 was 

performed w i t h  simulated geothermal f lu id  a t  an i n l e t  pressure of 
120 psia.  The i n l e t  qua l i ty ,  engine speed and pressure r a t i o  

were independently varied t o  produce a three-dimensional data 

m a t r i x  of 104 data points. S t a t i s t i c a l  curve f i t t i n g  methods 
were adapted t o  produce equations f o r  mass flow r a t e  and power 

output i n  terms of the three var iab les  associated w i t h  the data  
m a t r i x .  These e x p l i c i t  equations were combined w i t h  a stea- 
t ab le  subroutine to  produce a computer model for  prediction of 
mass flow r a t e ,  power, e f f ic iency  and exhaust qua l i ty  a t  a given 

set  of operating conditions. 

The predict ive a b i l i t y  observed during val idat ion of the 

model i s  adaquate fo r  use i n  modeling of h y b r i d  geothermal energy 

conversion systems. Mass flow r a t e s  were predicted t o  w i t h i n  

2.7% of the measured values. For most condi t ions,  predict ions of 
power were w i t h i n  3 . 3 %  of the  measured-values. Predictions of 
e f f ic iency  re f lec ted  the conbined e r r o r s  i n  prediction of power 

and mass flow r a t e .  Efficiency predict ions were i n  e r ro r  by  a s  

much a s  5% of the  measured values. The predict ions f o r  exhaust 
qua l i t y  were w i t h i n  0.4% of t he  measured values. 

Isentropic  engine e f f i c i enc ie s  of over 43% were measured 
during t h e  tests.  An observed peak i n  e f f ic iency  represented an 

optirnm pressure r a t i o  and a trade-off between lower leakage 

f r ac t ions  a t  h i g h  speeds and low i n l e t  q u a l i t i e s ,  increasing 

f r i c t i o n a l  losses  a t  high speeds, and increasing f lu id  and power 

'densitie's a t  low q u a l i t i e s .  
./ 
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INTRODUCTION 1 

I n t r o d u c t i o n  

One o f  t h e  main problems f a c i n g  t h e  d e v e l o p n e n t  o f  

g e o t h e r m a l  ene rgy  r e s o u r c e s  is t h e  q u a l i t y  o f  t h e  f l u i d  a t  t h e  

we l lhead .  Only a few o f  t h e  deve lopcd  geo the rma l  f i e l d s ,  

i n c l u d i n g  t h e  g e y s e r s  i n  Nor the rn  C a l i f o r n i a ,  have  d r y  s t e a n  

s u i t a b l e  f o r  d i r e c t  use i n  c o n v e n t i o n a l  steam t u r b i n e s L l 1 .  A t  

t h e s e  u n i q u e  s i tes  t h e  o n l y  t r e a t m e n t  r e q u i r e d  b e f o r e  t h e  s team 

i s  d i r e c t e d  t o  t h e  t u r b i n e s  is  t h e  removal  of s o l i d  d e b r i s  and 

p a r t i c u l a t e s .  A t  o t h e r  l o c a t i o n s ,  t h e  low q u a l i t y  o f  t h e  

r e s o u r c e  a t  t h e  wel lhead  is d e s t r u c t i v e  t o  b l a d e d  steaa t u r b i n e s  
and r e q u i r e s  s o n e  sor t  of system t o  c o n d i t i o n  t h e  steaa or 
t r a n s f e r  t h e  ene rgy  t o  a n o t h e r  mediun. 

Techn iques  u s e d  w i t h  low q u a l i t y  wells i n c l u d e  s e p a r a t i o n  of 

t h e  l i q u i d  phase  from t h e  s t eam,  f l a s h i n g  of t h e  stearn t o  a l ower  

p r e s s u r e  and h i g h e r  q u a l i t y  b e f o r e  s e p a r a t i o n  and t h e  u s e  of a 

b i n a r y  c y c l e  w i t h  a more t h e r m o d y n a n i c a l l y  s u i t a b l e  working f l u i d  
s u c h  a s  i s o b u t a n e .  A l l  o f  t h e s e  methods  i n v o l v e  a loss o f  some 

o f  t h e  a v a i l a b l e  e n e r g y  i n  t h e  s t e a n  a t  t h e r  w e l l h e a d .  F l a s h i n g  

t h e  s t e a n  i n z r e a s e s  i t s  e n t r o p y  and decreases t h e  a v a i l a b l e  

e n e r g y .  The re  i s  a l s o  a s u b s t a n t i a l  aiiount of e n e r g y  lost i n  t h e  
l i q u i d  phase  d i s c a r d e d  a t  t h e  s e p a r a t o r .  I n  t h e  b i n a r y  c y c l e ,  

t h e r e  is  an i n c r e a s e  i n  e n t r o p y  i n t r i n s i c a l l y  a s s o c i a t e d  w i t h  t h e  

c o m p l e x i t y  o f  such  a system. Heat t r a n s f e r  a c r o s s  a non-zero  
t e m p e r a t u r e  d i f f e rence  and f l o w  l o s s e s  decrease t h e  a v a i l a b l e  

ena -gy .  These  l o s s e s  of  a v a i l a b l e  e n e r g y  and t h e  cost i n v o l v e d  
i n  these  complex c o n v e n t i o n a l  s y s t e m s  a re  t h e  pr ime m o t i v a t i o n s  

f o r  d e v e l o p i n g  e n g i n e s  t o  h a n d l e  t o t a l  two-phase flow from t h e  
w e l l h e a d .  

The  most p r o n i s i n g  o f  t h e  t o t a l  flow mach ines  is t h e  Lysholm 

e n g i n e  o r  h e l i c a l  screw expanderCFigure  11. The Lysholm machine  

c o n s i s t s  of a p a i r  of p a r a l l e l  r o t o r s  w i t h  meshing h e l i c a l  l o b e s  

wh ich ,  w i t h  t h e i r  c a s i n g ,  form compress ion /expans ion  chambers.  

T h i s  c o n f i g u r a t i o n  was p a t e n t e d  i n  Sweden by A l f  Lysholm i n  

1934[21: The d e s i g n  h a s  found its main use a s  a heavy d u t y  a i r  

compresso r  f o r  f i e l d  u s e .  Its a t t r i b u t e s  i n  t h i s  a p p l i c a t i o n  
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i n c l u d e  r u g g e d n e s s  and r e l i a b i l i t y .  The u s e  of L y s h o l m l s  d e s i g n  

a s  an e n g i n e  has  been  s u g g e s t e d  i n  s e v e r a l  a p p l i c a t i o n s  i n c l u d i n g  

u s e  i n  g e o t h e r m a l  e n e r g y  c o n v e r s i o n .  I n  1973, R.  S p r a n k l e  

p a t e n t e d  t h e  u s e  of  t h e  Lysholm e n g i n e  w i t h  wells h a v i n g  a 

q u a l i t y  o f  less t h a n  15%[31. T e s t i n g  of t h e  Lysholm e n g i n e  has  

s i n c e  been  conducted  by S p r a n k l e ,  by t h e  Lawrence Livermore  

L a b o r a t o r y [ 4 ] ,  and c u r r e n t l y  by t h e  Depar tment  of Mechanical  

E n g i n e e r i n g  a t  U.C.  BerkeleyE51.  

I n  u s e  a s  a n  e n g i n e ,  t h e  Lysholm machine  a c c e p t s  p r e s s u r i z e d  

f l u i d  i n t o  t h e  chambers as  t h e y  are formed by t h e  lobes of t h e  

meshing ro tors .  The chambers t h e n  expand a s  t h e y  move down t h e  

mesh l i n e ,  e x t r a c t i n g  e n e r g y  from t h e  f l u i d .  The f l u i d  is  
e x h a u s t e d  when t h e  chamber r e a c h e s  t h e  end of t h e  rotor .  The 

t h e o r e t i c a l  v o l u n e t r i c  e x p a n s i o n  r a t i o  is d e t e r m i n e d  by e n g i n e  

geoinetry.  Expansion r a t i o s  of  up t o  around 5 a re  c o n s i d e r e d  
p r a c t i c a l [ 6 1 .  The p r e s s u r e  d i s t r i b u t i o n  t h r o u g h  t h e  e n g i n e  i s  
d e p e n d e n t  on  t h e  e x p a n s i o n  p r o c e s s .  The p r e s s u r e  i n  t h e  e x h a u s t  
l i n e ,  however ,  i s  d e p e n d e n t  on t h e  c h a r a c t e r i s t i c s  o f  t h e  o ther  

p a r t s  of t h e  sys tem.  Thus,  t h e  p r e s s u r e  i n  a chamber j u s t  before  

i t  o p e n s  t o  t h e  e x h a u s t  p o r t  i s  n o t  n e c e s s a r i l y  t h e  same a s  t h a t  

i n  t h e  e x h a u s t  l i n e .  If t h e  p r e s s u r e  i n  t h e  chamber i s  less  t h a n  

t h e  e x h a u s t  pressure, power i s  r e q u i r e d  t o  e x h a u s t  t h e  f l u i d .  If 

t h e  chamber p r e s s u r e  i s  h i g h e r  t h a n  t h e  e x h a u s t  p r e s s u r e ,  t he re  
is a n  e x p a n s i o n  of f l u i d  without work done  on  t h e  e n g i n e .  The 

power o u t p u t  and e f f i c i e n c y  a r e  t h u s  h e a v i l y  d e p e n d e n t  on  t h e  

e x h a u s t  p r e s s u r e  imposed on t h e  e n g i n e .  

The e x p a n s i o n  p r o c e s s  o c c u r i n g  i n  e a c h  chamber is v e r y  

e f f i c i e n t .  T h e r e  i s ,  however ,  a l a r g e  amount of l e a k a g e  

i n h e r e n t l y  p r e s e n t  i n  t h e  c o n f i g u r a t i o n .  The l e a k a g e  c a n  be 

d i v i d e d  i n t o  two main c a t a g o r i e s .  T h e r e  is  l e a k a g e  f r a ,  chamber 

t o  chaqber between t h e  rotors and c a s i n g  and t h r o u g h  a llblowholell 

formed by t h e  i m p e r f e c t  meshing of t h e  rotors. T h e r e  is a l s o  
l e a k a g e  t h r o u g h  t h e  mesh l i n e  i n t o  t h e  e x h a u s t i n g  chambers. The 

main i n e f f i c i e n c y  i n  t h e  e n g i n e  is d u e  to  t h e  i s e n t h a l p i c  

e x p a n s i o n  d u r i n g  l e a k a g e .  Because l e a k a g e  f r a c t i o n  i s  d e p e n d e n t  

on  e n g i n e  speed  and steam q u a l i t y ,  e f f i c i e n c y  and power o u t p u t  

\ 
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a r e  dependent  on these  p a r a m e t e r s  3s well a s  on p r e s s u r e  r a t i o .  

The Lysholm e n g i n e  h a s  been proposed  for u s e  i n  a h y b r i d  

sys tem w i t h  c o n v e n t i o n a l  s team t u r b i n e s .  I n  t h i s  h y b r i d  s y s t e m ,  

t h e  t o t a l  f l o w  from t h e  wel lhead  is expanded i n  t h e  Lysholm 

e n g i n e ,  e x h a u s t i n g  a t  some i n t e r m e d i a t e  p r e s s u r e .  The f l u i d  i s  

t h e n  d i r e e t e d  t o  a s e p a r a t o r  where t h e  l i q u i d  phase  is d i s c a r d e d .  

The steam phase  is t h e n  expanded i n  c o n v e n t i o n a l  i m p u l s e  t u r b i n e s  
e x h a u s t i n g  a t  s u b a t m o s p h e r i c  p r e s s u r e s .  The t u r b i n e  e x h a u s t  n u s t  

t h e n  b e  condensed and pumped t o  a t m o s p h e r i c  p r e s s u r e .  

T h i s  h y b r i d  sys tem r e p r e s e n t s  a t r a d e - o f f  between t h e  

a d v a n t a g e s  o f  t h e  total- f low c o n c e p t  and t h e  p r a c t i c a l  
l i m i t a t i o n s  c o n s i d e r e d  when o p e r a t i n g  w i t h  l a r g e  p r e s s u r e  d r o p s .  
Because t h e  Lysholm e n g i n e  e f f i c i e n c y  d r o p s  o f f  a t  h i g h e r  

p r e s s u r e  r a t i o s ,  more t h a n  o n e  s t a g e  would be  r e q u i r e d  t o  u t i l i z e  

t h e  p r e s s u r e  d r o p  a v a i l a b l e  a t  most s i tes .  Much of  t h e  f l u i d  

f l  a s h e s  t o  vapor  d u r i n g  t h e  Lysholm e x p a n s i o n  p r o c e s s  , r e s u l t i n g  

i n  an i n c r e a s e  i n  volume of t h e  f l u i d .  Since t h e  Lysholm e n g i n e  
i s  a p o s i t i v e  d i s p l a c e m e n t  d e v i c e ,  i n c r e a s a d  v o l u m e t r i c  flow 
r e q u i r e s  l a r g e r  e n g i n e s .  The s i z e  and cost of l a r g e r  e n g i n e s  

r e q u i r e d  by t h e  i n c r e a s e d  volume for  e a c h  s u c e s s i v e  s t a g e  would 

b e  p r o h i b i t i v e .  A c o n v e n t i o n a l  steam t u r b i n e  is t h u s  b e i n g  

c o n s i d e r e d  fo r  t h e  bot tom s t a g e  of a h y b r i d  c y c l e .  Such a sys tem 

is c u r r e n t l y  b e i n g  t e s t e d  and e v a l u a t e d  a t  U.C. B e r k e l e y .  

To b e s t  d e m o n s t r a t e  t h e  f e a s i b i l i t y  o f  a h y b r i d  s y s t e n .  t h e  
maximum power from t h e  sys tem for a g i v e n  r e s o u r c e  must b e  

o b t a i n e d .  O p t i m i z a t i o n  of t h e  h y b r i d  sys tem per formance  r e q u i r e s  

d e t a i l e d  knowledge of t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  of a l l  t h e  
sys tem components ,  e s p e c i a l l y  t h e  Lysholm e n g i n e .  Because t h e  

flow t h r o u g h  t h e  t u r b i n e  n o z z l e s  is choked,  t h e  i n t e r s t a g e  

p r e s s u r e  i s  d e p e n d e n t  on t h e  tot31 mass flow r a t e  t h r o u g h  t h e  
Lysholm, t h e  Lyshol; e x h a u s t  q u a l i t y  and t h e  c h a r a c t e r i s t i c s  of 

t h e  s e p a r a t o r .  O f  course, t h e  sys tem per formance  is a l s o  

d e p e n d e n t  on t h e  power o u t p u t  and e f f i c i e n c y  of t h e  Lysholm 

e n g i n e .  U n f o r t u n a t e l y ,  t h e  l e a s t  well  known of t h e  components  of 
t h e  sys tem is t h e  Lysholm e n g i n e .  I t  i s  t h e  p u r p o s e  of t h i s  
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' i n v e s t i g a t i o n  t o  d e f i n e  t h e  Lysholm e n g i n e  o p e r a t i n g  
c h a r a c t e r i s t i c s  and d e v e l o p  a model wh ich  c a n  be used i n  t h e  

p r e d i c t i o n  of  t h e  optimum o p e r a t i n g  c o n d i t i o n s  fo r  the h y b r i d  

sys tem.  

S e v e r a l  t y p e s  of e n g i n e  model are poss ib le .  A model based  

on c o n v e n t i o n a l  d i m e n s i o n l e s s  p a r a m e t e r s ,  a s i m u l a t i o n  model 

c o n s i d e r i n g  t h e  p h y s i c a l  p r o c e s s e s  i n s i d e  t h e  e n g i n e  and a " b l a c k  
box" e m p i r i c a l  model were a l l  c o n s i d e r e d .  To l i m i t  t h e  s c o p e  of 

t h i s  p r o j e c t  t o  a manageable  l e v e l ,  b e c a u s e  s u f f i c i e n t  knowledge 
a b o u t  t h e  e n g i n e s  p h y s i c a l  p r o c e s s e s  and i m p o r t a n t  d i m e n s i o n l e s s  

p a r a n e t e r s  i s  l a c k i n g  and b e c a u s e  t h e  e m p i r i c a l  model is eas ies t  

t o  implement ,  t h e  e m p i r i c a l  model was c h o s e n  fo r  i n i t i a l  u s e  i n  

t h e  h y b r i d  sys tem o p t i m i z a t i o n .  

To o b t a i n  t h e  d a t a  r e q u i r e d  for  c o n s t r u c t i o n  of  t h e  model ,  a 
program of e n g i n e  t e s t i n g  i n  an o p e r a t i n g  domain i n c l u d i n g  t h e  

r a n g e  expected t o  be used i n  t h e  h y b r i d  sys tem had t o  be 

u n d e r t a k e n .  Data  c o n t r o l  methods ha3  t o  be d e v e l o p e 3  t o  a l l o w  

t h e  t a k i n g  of t e s t  d a t a  w i t h  o p e r a t i n g  c o n d i t i o n s  c o n t r o l l e d  t o  a 

d i s c r e t e  m a t r i x  s u i t a b l e  f o r  t h e  e m p i r i c a l  c u r v e  f i t .  A computer  
program was r e q u i r e d  t o  manage t h e  huge t a s k  of  o r g a n i z i n g ,  

s t o r i n g  and r e d u c i n g  d a t a  for  a p p r o x i m a t e l y  100 d a t a  p o i n t s .  As 

a p a r t  of t h i s  c m p u t e r  program, a s team t a b l e  s u b r o u t i n e  had t o  
b e  deve loped  for e v a l u a t i o n  of thermodynamic p r o p e r t i e s .  

Once a c o n p l e t e  se t  of d a t a  i s  o b t a i n e d ,  c u r v e  f i t t i n g  

methods  i n  s e v e r a l  p a r a n e t e r s  c a n  be a p p l i e d  t o  o b t a i n  a l g e b r a i c  

e x p r e s s i o n s  fo r  sys tem per formance  i n  terms of o p e r a t i n g  

c o n d i t i o n s .  E x p r e s s i o n s  must  be o b t a i n e d  for power, e f f i c i e n c y ,  

mass  flow r a t e  and e x h a u s t  q u a l i t y  i n  terms of  p r e s s u r e  r a t i o ,  
i n l e t  q u a l i t y  and e n g i n e  speed  for t h e  maximum o b t a i n a b l e  i n l e t  

pressure of 120 p s i a .  Tnese  e x p r e s s i o n s  inust t h e n  be c o n v e r t e d  

t o  t h e  form of a coinputer c o d e  s u b r o u t i n e  for i m p l e n e n t a t i o n  i n  
t h e  h y b r i d  model.  

b 

Tne model s h o u l d  be  tes ted for v a l i d i t y  b y  p r e d i c t i n g  

per formance  under  a new s e t  of o p e r a t i n g  c o n d i t i o n s ,  t h e n  t e s t i n g  
t h e  e n g i n e  under  these  c o n d i t i o n s .  P o i n t s  w i t h i n  t h e  c u r r e n t  
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d a t a  

t h e  model. P o i n t s  o u t s i d e  t h e  test  d a t a  m a t r i x  c a n  

t o  d e t e r m i n e  t h e  e x t r a p o l a t i v e  r a n g e  of t h e  model. 

m a t r i x  can  be p r e d i c t e d  t o  t e s t  t h e  i n t e r p o l a t i v e  a c t i o n  o f  

b e  pred ic ted  
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System De s c r i p t i o n  

The Lysholm e n g i n e  b e i n g  t e s t e d  a t  U . I : .  B e r k e l e y  i s  s e t  up 

t o  a l l o w  powsr g e n e r a t i o n  i n  s i m u l a t i o n  of c o n d i t i o n s  a t  a 

g e o t h e r m a l  s i t e [ F i g u r e  21. Convers ion  t o  h y b r i d  o p e r a t i o n  

r e q u i r e s  no  n o d i f i c a t i o n s  t o  t h e  sys tem.  I n s t r u m e n t a t i o n  o f  t h e  

sys t em a l l o w s  d e t e r m i n a t i o n  of pe r fo rmance  p a r a m e t e r s  and s a f e  
o p e r a t i o n  of t h e  e n g i n e .  

S a t u r a t e d  s team a t  a p p r o x i m a t e l y  120 p s i a  i s  drawn from t h e  
carnpus h e a t i n g  sys tem and d i r e c t e d  t o  t h e  Lysholm i n l e t .  The 

s t eam s u p p l y  i s  a l s o  used t o  h e a t  p r e s s u r i z e d  i n d u s t r i a l  w a t e r  i n  
a n  e i g h t  p a s s  s h e l l  and t u b e  t y p e  heat  exchange r .  The flow ra t e s  

o f  b o t h  wa te r  and s team a r e  c o n t r o l l e d  by  pneumat i c  con t ro l  
v a l v e s .  Almost any  q u a l i t y  o f  s t e a n  can  be produced by  t h e  
m i x t u r e  of t h e  two flows. The w a t e r  i s  i n j e c t e d  i n t o  t h e  s t e a n  

j u s t  before  t h e  e n g i n e  i n l e t .  An i n j e c t o r  a l l o w i n g  t h e  u s e  of 

v a r i a b l e  nDzzle  s ize  h a s  r e c e n t l y  been  i n s t a l l e d  t o  a l l o w  

i n v e s t i g a t i o n  o f  t h e  e f f ec t s  of d i f f e r e n t  hold-up r a t i o s .  

T h e  Lysholm e n g i n e  is mounted w i t h  t h e  rotor  axes h o r i z o n t a l  

and t h e  I n l e t  and e x h a u s t  l i n e s  p o i n t e d  downward. L i f e  s u p p o r t  

s y s t e m s  f o r  the  e n g i n e  i n c l u d e  an  o i l  s u p p l y  sys t em for t h e  

j o u r n a l  b e a r i n g s ,  a n  a i r  s e a l  and a w a t e r  s e a l .  An a d j u s t a b l e  

l o a d  on t h e  e n g i n e  is p r o v i d e d  by a n  eddy c u r r e n t  dynamoiieter 
( b r a k e )  powered by a DC power s u p p l y .  The shaft power from t h e  

e n g i n e  is t r a n s m i t t e d  t o  t h e  b r a k e  by  a 3 t o  1 r e d u c t i o n  Cilmer 
b e l t .  

The e x h a u s t  from the e n g i n e  is d i r e c t e d  t h r o u g h  p i p i n g  t o  a 
s h e l l  and t u b e  t y p e  condense r .  The condensed  f l u i d  is punped 

from t h e  condense r  by a c e n t r i f u g a l  p m p .  Suba tmospher i c  e x h a u s t  

p r e s s u r e s  can  b e  m a i n t a i n e d  by t h e  pump and a s t eam powered a i r  

e jec tor  sys tem used t o  remove non-condens ib l e  g a s e s  from the  

c o n d e n s e r .  

When t h e  Lysholm e n g i n e  is used  a s  t h e  f i r s t  s t a g e  of t h e  

h y b r i d  s y s t e m ,  i t s  e x h a u s t  is d i r e c t e d  t o  a New Zealand  t y p e  
c e n t r i f u g a l  s e p a r a t o r .  The l i q u i d  phase  is d i s c a r d e d  from t h e  

\ 
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s e p a r a t o r .  The r e s u l t i n g  s team is d i r e c t e d  t o  two impu l se  

t u r b i n e s  which form the  second s t a g e  of t h e  h y b r i d  sys t em.  The 

e x h a u s t  from t h e  t u r b i n e s  is d i r e c t e d  t o  t h e  c o n d e n s e r . ’  

T h e  Lysholm power sys t em is f u l l y  i n s t r u m e n t e d  t o  p r o v i d e  

pe r fo rmance  d a t a  f o r  t h e  Lysholm e n g i n e ,  t o  m o n i t o r  t h e  h e a l t h  o f  

t h e  sys tem and t o  h e l p  i n  c o n t r o l l i n g  t h e  sys t em.  The p r i m a r y  

i n s t r u n e n t a t i o n  a l l o w s  d e t e r m i n a t i o n  o f  o p e r a t i n g  c o n d i t i o n s  and 

c a l c u l a t i o n  o f  per formance  p a r a m e t e r s  for t h e  e n g i n e .  A 
c a l o r i m e t e r  on t h e  s team s u p p l y  l i n e  a l l o w s  d e t e r m i n a t i o n  o f  t h e  

s team e n t h a l p y .  A t he rmocoup le  on t h e  p r e s s u r i z e d  , h e a t e d  water 

l i n e  a l l o w s  an a c c u r a t e  e s t i m a t e  of t h e  h o t  w a t e r  e n t h a l p y .  The 

f l o w  r a t e s  o f  w a t e r  and s team a r e  de t e rmined  by measu r ing  t h e  

d i f f e r e n t i a l  p r e s s u r e  a c r o s s  s q u a r e  edged o r i f i c e  p l a t e s  w i t h  

f l a n g e  t a p s .  A s e c o n d ,  i n t e r c h a n g e a b l e ,  o r i f i c e  p l a t e  f o r  t h e  

w a t e r  l i n e  was r e c e n t l y  d e s i g n e d  and a a n u f a c t u r e d .  T h i s  p l a t e ,  

h a v i n g  a m a l l e r  o r i f i ce ,  a l l o w s  more p r e c i s e  measurement of t h e  

low wa te r  f low r a t e s  i n  h i g h  q u a l i t y  mixtures. A t he rmocoup le  

m e a s u r e s  t h e  s a t u r a t i o n  t e m p e r a t u r e  o f  t h e  s team a t  t h e  e n g i n e  

i n l e t  t o  f i x  t h e  s t a t e  o f  t h e  s i m u l a t e d  geo the r ina l  f l u i d .  A 

t he rmocoup le  i n  t h e  e x h a u s t  l i n e  m e a s u r e s  t h e  s a t u r a t i o n  

t e m p e r a t u r e s  of t h e  e x h a u s t i n g  f l u i d .  T h i s  allows d e t e r m i n a t i o n  
o f  t h e  e x i t  s t a t e  f o r  i d e a l  i s e n t r o p i c  e x p a n s i o n  i n  t h e  e n g i n e .  

The power produced by  t h e  e n g i n e  is measured by t h e  
co inbina t ion  o f  a t a c h o m e t e r  and t o r q u e  s e n s o r .  The t a c h o m e t e r  

consists o f  a 60 - too th  g e a r  on t h e  b r a k e  s h a f t  and a m a g n e t i c  

p i ckup .  The t o r q u e  s e n s o r  u s e s  r e s i s t a n c e  wire s t r a i n  g a g e s  on 

t h e  s h a f t  w i t h  r o t a r y  t r a n s f o r m e r s  t o  t r a n s n i t  s igna l s  t o  and 

from t h e  s h a f t .  

A l l  t h e  p r imary  i n s t r u n r e n t a t i o n  i s  c o n n e c t e d  t o  an Au toda ta  

Nine l o c a t e d  i n  t h e  c o n t r o l  rooaCFigure  31. The the rmocoup les  

and power measurement d e v i c e s  send  e l ec t r i ca l  s i g n a l s  t o  t h e  

c o n t r o l  room. The f low measurement s i g n a l s  are t r a n s m i t t e d  

p n e m a t i c a l l y .  The Autodata  scans 311 c h a n n e l s  s i m u l t a n e o u s l y ,  

3 l l o w i n g  q u i c k  a c c u r a t e  m e a s u r m e n t  and r e c o r d i n g  o f  a l l  d a t a  
when t h e  d e s i r e d  o p e r a t i n g  c o n d i t i o n s  are  r e a c h e d .  O t h e r  d a t a  

\ 
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scanned  and r e c o r d e d  by t h e  Autodata  d u r i n g  Lysholm e n g i n e  

t e s t i n g  i n c l u d e  t h e  o i l  r e t u r n  t e m p e r a t u r e ,  t h e  s u p p l y  s team l i n e  

t e m p e r a t u r e ,  t h e  c o n d e n s a t e  f low r a t e ,  t h e  c o o l i n g  w a t e r  f low 

r a t e  and t h e  c o o l i n g  w a t e r  t e m p e r a t u r e .  

Other remote  i n s t r u m e n t a t i o n  l o c a t e d  on t h e  c o n t r o l  

p a n e l [ F i g u r e  31 h e l p s  t o  m o n i t o r  t h e  s y s t e n .  Pressure g a g e s  

a l l o w  m o n i t o r i n g  of t h e  i n l e t  and e x h a u s t  c o n d i t i o n s  independen t  
o f  t h e  Autodata .  O t h e r  r e d u n d a n t  a n a l o g  g a g e s  i n d i c a t e  flow r a t e  

and r a t i o ,  e n g i n e  speed  and b r a k e  t o r q u e .  Gages  a l s o  e x i s t  f o r  

t h o  a o n i t o r i n g  of o i l  s u p p l y  p r e s s u r e ,  control a i r  s u p p l y  

p r e s s u r e ,  a i r  e j e c t o r  c o n t r o l  a i r  p r e s s u r e  and c o n d e n s a t e  pump 

pressure. 

C a l i b r a t i o n  o f  t h e  p r i m a r y  i n s t r u m e n t s  was m a i n t a i n e d  t o  

i n s u r e  t h e  a c c u r a c y  o f  t h e  d a t a .  Tne i n s t a l l a t i o n  of a new 

s i g n a l  f i l t e r  b e f o r e  t h e  c u r r e n t  se r ies  o f  t e s t s  n e c e s s i t a t e d  

r e c a l i b r a t i o n  o f  t h e  flow meters. A c o r r e l a t i o n  between weighed 
mass flow r a t e s  and t h e  f low s i g n a l s  was deve loped  f o r  b o t h  flow 
m e t e r s .  The d e t a i l s  of these  c o r r e l a t i o n s  an3  the  c a l i b r a t i o n  

c o n s t a n t s  a r e  l i s t e d  i n  t h e  Appendix. The t a c h o m e t e r  and t o r q u e  
m e t e r  w?re b o t h  checked t o  i n s u r e  t h a t  e a r l i e r  c a l i b r a t i o n s  were 

s t i l l  v a l i d  and t h a t  no c o r r e c t i o n s  t o  t h e  s i g n a l s  were r e q u i r e d .  

The the rmocoup les  were checked and r e p l a c e d  whenever e r r a n t  

r e a d i n g s  were o b s e r v e d .  
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Engine  t e s t i n g  was r e q u i r e d  o v e r  a wide  r a n g e  of o p e r a t i n g  

c o n d i t i o n s ,  i n c l u d i n g  t h e  c o n d i t i o n s  e x p e c t e d  for use i n  t h e  
h y b r i d  sys t em.  The l i m i t i n g  c o n d i t i o n s  f o r  e n g i n e  o p e r a t i o n  a r e  

d e t e r m i n e d  by t h e  s team s u p p l y ,  t h a  c a p a c i t y  o f  t h e  e x h a u s t  
p i p i n g ,  t h e  c a p a c i t y  o f  t h e  c o n d e n s a t e  puap and s a f e t y  

c o n s i d e r a t i o n s .  

The campus h e a t i n g  sys t em m a i n t a i n s  a s team p r e s s u r e  o f  

a p p r o x i m a t e l y  125 p s i a .  T h i s  p r e s s u r e  v a r i e s  w i t h  t h e  h e a t i n g  
l o a d  on t h e  sys tem and can  d r o p  a s  low a s  120 p s i a .  The p r e s s u r e  

which  can  b e  m a i n t a i n e d  a t  t h e  e n g i n e  i n l e t  v a r i e s  w i t h  and is 

somewhat l ower  t h a n  t h e  s u p p l y  p r e s s u r e .  The h i g h e s t  i n l e t  

p r e s s u r e  which c o u l d  b e  c o n s i s t e n t l y  m a i n t a i n e d  from day  t o  d a y  

was 120 p s i a .  

Exhaus t  p r e s s u r e s  were l i m i t e d  by chok ing  of t h e  flow i n  t h e  

e x h a u s t  p i p i n g .  The minimum e x h a u s t  p r e s s u r e  v a r i e d  w i t h  mass 

flow r a t e  and t h u s  w i t h  e n g i n e  speed and i n l e t  q u a l i t y .  T h i s  

p r e s s u r e  was,  i n  some c a s e s ,  above  a t m o s p h e r i c .  I n  t h e  m i d d l e  of 

t h i s  s e r i e s  o f  e n g i n e  tes ts ,  t h e  e x h a u s t  p i p i n g  was m o d i f i e d  t o  
p r o v i d e  l e s s  f l o w  r e s i s t a n c e  between t h e  e n g i n e  and s e p a r a t o r  

d u r i n g  s t a g i n g .  T h i s  change  i n c r e a s e d  t h e  t o r t u o u s n e s s  of t h e  
e x h a u s t  flow p a t h  f o r  t h e  Lysholm e n g i n e  o p i r t a t i n g  a l o n e ,  
i n c r e a s i n g  t h e  m i n i m u m  exhaust  p r e s s u r e .  A t  the same time, a new 

t e c h n i q u e  was i n i t i a t e d  t o  r e d u c e  e x h a u s t  p r e s s u r e s .  By c l o s i n g  

t h e  s e p a r a t o r  d r a i n  and l e t t i n g  t h e  e x h a u s t  f l o w  i n  p a r a l l e l  

t h r o u g h  t h e  s e p a r a t o r  and s e p a r a t o r  b y p a s s ,  t h e  f low a r e a  can  be 

i n c r e a s e d  and e x h a u s t  p r e s s u r e s  r educed .  T h i s  t e c h n i q u e  a l l o w s  
a p p r o x i m a t e l y  t h e  same m i n i m u m  e x h a u s t  p r e s s u r e  as b e f o r e  t h e  

p i p i n g  change .  

Another l i m i t a t i o n  on t h e  t e s t i n g  r a n g e  is  t h e  c a p a c i t y .  of 

t h e  c o n d e n s a t e  pump. The maximum t o t a l  flow r a t e  which can  b e  

hand led  by t h e  pump is a b o u t  2.3 lbm/sec .  Engine  t e s t i n g  a t  h i g h  

s p e e d s  and low q u a l i t i e s  is n a 3 e  d i f f i c u l t  by f l o o d i n g  o f  t h e  

c o n d e n s e r  when t h i s  l i m i t  i s  exceeded .  
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Secause t h e  campus h e a t i n g  s team h a s  a q u a l i t y  o f  

a p p r o x i m a t e l y  99% a t  t h e  main s u p p l y  v a l v e ,  i n l e t  c o n d i t i o n s  a re  

l i m i t e d  t o  99% q u a l i t y  a t  120 p s i a .  The i n l e t  q u a l i t y  can  be  

v a r i e d  from p u r e  h o t  w a t e r  to  a p p r o x i m a t e l y  99% q u a l i t y  by  

a d j u s t i n g  t h e  m i x t u r e  r a t i o  o f  w a t e r  and s team.  

The e n g i n e  speed has  been  l i m i t e d  t o  9000 RPM. T h i s  i s  the  

h i g h e s t  speed  w i t h  which t h e  research g r o u p  a t  B e r k e l e y  h a s  

experience.  The main conce rn  a b o u t  g o i n g  t o  h i g h e r  speed  h a s  
been  t h e  r e l i a b i l i t y  o f  t h e  Gilmer b e l t .  The power/speed 

s p e c i f i c a t i o n  o f  t h e  b e l t  i s  b e i n g  exceeded a t  9000 RPM. F a i l u r e  

o f  t h e  Gilmer b e l t  would resu l t  i n  runaway of . t h e  e n g i n e  u n t i l  

t h e  s team s u p p l y  c o u l d  be s h u t - o f f .  The e n g i n e  w i l l  be tes ted  a t  

h i g h e r  s p e e d ,  b u t  o n l y  a f t e r  a t e n s i o n  t e s t  h a s  been per formed on 

t h e  Gilmer b e l t  and a f t e r  a l l  e s s e n t i a l  t e s t i n g  h a s  been done  on 

t h e  e n g i n e .  

T h e  g o a l  o f  h y b r i d  system t e s t i n g  i s  t o  a c h i e v e  maximum 

power and  maximum e f f i c i e n c y  f r m  t h e  sys t em.  Maximum power i s  

a t t a i n e d  a t  t h e  h i g h e s t  poss ib le  s y s t e n  i n l e t  p r e s s u r e .  A l s o ,  i t  

h a s  been  no ted  i n  p r e v i o u s  t es t s  t h a t  maximum e f f i c i e n c y  f o r  

Lysholm e n g i n e  is a t t a i n e d  a t  t h e  h i g h e s t  i n l e t  p r e s s u r e s .  Fo r  

t h e s e  r e a s o n s  and t o  l i m i t  t h e  number o f  t es t s  r e q u i r e d  f o r  t h e  

model ,  t h e  se r ies  o f  t e s t s  t h i s  r e p o r t  i s  conce rned  w i t h  were a l l  
run with the m a x i m u m  inlet p r e s s u r e  of 120 p s i a .  

The r a n g e  of t e s t i n g  of t h e  h y b r i d  system i s  e x p e c t e d  t o  
i n c l u d e  t h e  f u l l  r a n g e  of i n l e t  q u a l i t i e s  t o  simulate a l l  

p o s s i b l e  we l lhead  c o n d i t i o n s .  Only t h e  o p e r a t i n g  c o n d i t i o n s  a t  

h i g h e r  s p e e d s  w i l l  be examined, a s  it h a s  been  shown t h a t  e n g i n e  
e f f i c i ency  i s  h i g h e r  a t  h i g h e r  s p e e d s  due  t o  decreased l e a k a g e  

f r a c t i o n .  

Because t h e  f l o w  t h r o u g h  t h e  t u r b i n e  n o z z l e s  is choked ,  t h e  

i n t e r s t a g e  p r e s s u r e s ( i n c 1 u d i n g  t h e  Lysholm e x h a u s t  p r e s s u r e )  a r e  

d e p e n d e n t  o n l y  on t h e  mass f l o w  r a t e  t h r o u g h  t h e  t u r b i n e s  and t h e  

c h a r a c t e r i s t i c s  o f  t h e  s e p a r a t o r .  It h a s  been  shown t h a t  t h e  

l i m i t e d  n o z z l e  a r e a  i n  t h e  t u r b i n e s  and t h e  t o r t u o u s  p i p i n g  
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b&ween t h e  Lysholm and t h e  s e p a r a t o r  w i l l  r e s u l t  i n  Lysholm 
e x h a u s t  p r e s s u r e s  g r e a t e r  t h a n  10 p s i g .  T e s t i n g  of t h e  e n g i n e  

i n c l u d e d  e x h a u s t  p r e s s u r e s  above  10 p s i g  a s  well '  as lowar 

p r e s s u r e s  t o  l o c a t e  e f f i c i e n c y  peaks .  

\ 
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D 3 t a  Mat r ix  

Engine t e s t i n g  was per formed a t  t h e  maximum c o n s i s t e n t l y  

a t t a i n a b l e  i n l e t  p r e s s u r e  of 120 p s i a  i n c l u d i n g  s p e e d s  f r o n  4530 

RPM t o  9300 RPM, i n l e t  q u a l i t i e s  f r o n  0.17 t o  0.99 and o v e r  a 

r a n g e  o f  e x h a u s t  p r e s s u r e s  frm t h e  lowest a t t a i n a b l e  t o  o v e r  35 
p s i a .  The d a t a  p o i n t s  o b t a i n e d  formed a three d i m e n s i o n a l  matrix 

i n  s p e e d ,  i n l e t  q u a l i t y  and e x h a u s t  p r e s s u r e .  O b t a i n i n g  t e s t  
d a t a  i n  m a t r i x  form f a c i l i t a t e d  c o r r e l a t i o n  of t h e  d a t a  and 

a l lowed  e m p i r i c a l  r e l a t i o n s  f o r  p e r f o r n a n c e  p a r a m e t e r s  t o  b e  

o b t a i n e d .  

The m a t r i x  c o n s i s t s  o f  s e t s  o f  d a t a  p o i n t s  o b t a i n e d  a t  e a c h  

o f  t h e  f o u r  s p e e d s :  4500, 6000, 7500 and 9000 RPi4. Subsets  of 

d a t a  p o i n t s  were t a k e n  a t  e a c h  of 5 i n l e t  q u a l i t i e s  for  e a c h  of 

t h e  f o u r  s p e e d s .  Water / s tea? l  f l ow r a t i o s  of 011, 111,  2 /1 ,  311 

and 5/1 c o r r e s p o n d i n g  t o  i n l e t  q u a l i t i e s  of 0.99,  0.50 ,  0.33, 

0.25 an3  0.17, r e s p e c t i v e l y ,  were used .  Each of t h e s e  20 s u b s e t s  

o f  d a t a  p o i n t s  c o n s i s t e d  o f  t e s t s  run  w i t h  - i d e n t i c a l  c o n d i t i o n s  
e x c e p t  f o r  v a r y i n g  e x h a u s t  p r e s s u r e .  Thus ,  a s u b s e t  o f  d a t a  

p o i n t s  w i t h  v a r y i n g  e x h a u s t  p r e s s u r e  was o b t a i n e d  f o r  e a c h  

c o m b i n a t i o n  o f  speed  and i n l e t  q u a l i t y .  

An a t t e m p t  was made t o  o b t a i n  t h e  s a n e  s e t  o f  e x h a u s t  

p r e s s u r e s  f o r  each  c a n b i n a t i o n  of speed  and i n l e t  q u a l i t y .  T n i s  
w a s  only partially successful for two reasons.  F i r s t ,  the 

l i m i t a t i o n s  on . e x h a u s t  p r e s s u r e  d u e  to  t h e  e x h a u s t  p i p i n g  a l lowed  
much lower  e x h a u s t  p r e s s u r e s  f o r  some c o m b i n a t i o n s  of speed  and 

i n l e t  q u a l  i t y  . Second,  sys t em c o n t r o l  problems made t h e  

a t t a i n i n g  o f  h i g h  e x h a u s t  p r e s s u r e s  v e r y  d i f f i c u l t .  To s a v e  
t ime, some d a t a  from p r e l i m i n a r y  h y b r i d  system tests  w i t h  

u n c o n t r o l l e d  e x h a u s t  p r e s s u r e s  was used  t o  f i l l  i n  t h e  s u b s e t s  

o f  d a t a  p o i n t s .  

The c o n s t r u c t i o n  of t h i s  d a t a  m a t r i x  was i m p o r t a n t  i n  
c o r r e l a t i n g  t h e  d a t a .  I t  allows t h e  e x a m i n a t i o n  o f  v a r i a t i o n s  i n  

pe r fo rmance  p a r a m e t e r s  w i t h  one  v a r i a b l e  w h i l e  t h e  o t h e r s  a r e  

h e l d  c o n s t a n t .  The d e g r a d a t i o n  o f  t h e  d a t a  m a t r i x  du; t o  
i n c o n s i s t e n t  e x h a u s t  p r e s s u r e s  limits t h e s e  c o r r e l a t i o n s  t o  some 
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ex t e n t  . 
More i m p o r t a n t l y ,  a m a t r i x  makes model c o n s t r u e t i o n  by  c u r v e  

f i t t i n g  i n  t h r e e  v a r i a b l e s  p o s s i b l e ,  E m p i r i c a l  r e l a t i o n s h i p s  c a n  

b e  o b t a i n e d  by c o n v e n t i o n a l  c u r v e  f i t t i n g  t e c h n i q u e s  b e t w t e n  a 

g i v e n  per formance  p a r a m e t e r  and one  v a r i a b l e  w i t h  t h e  o t h e r  

v a r i a b l e s  h e l d  c o n s t a n t .  The c o e f f i c i e n t s  from t h e s e  c u r v e  f i ts  

c a n  t h e n  be  p l o t t e d  a g a i n s t  a n o t h e r  v a r i a b l e .  An e x p r e s s i o n  for 

t h e  c o e f f i c i e n t s  i n  terms of t h i s  second v a r i a b l e  is  a l s o  

o b t a i n e d  by c u r v e  f i t t i n g .  T h i s  p r o c e s s  c a n  be r e p e a t e d  fo r  

o t h e r  v a r i a b l e s  t o  o b t a i n  an e x p r e s s i o n  f o r  a g i v e n  per formance  
p a r a v e t e r  i n  a l l  v a r i a b l e s .  The d e g r a d a t i o n  of t h e  d a t a  m a t r i x  

r e d u c e s  t h e  f l e x i b i l i t y  of t h i s  model c o n s t r u c t i o n  method. 

Though t h e  n e t h o d  i s  s t i l l  workable ,  t h e  e x h a u s t  p r e s s u r e  m u s t  b e  

t h e  f i r s t  v a r i a b l e  c o n s i d e r e d .  

\ 
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T e s t i n g  Procedures 

T e s t i n g  p r o c e d u r e s  t o  improve c o n s i s t e n c y  of d a t a  . i nc luded  a 

p r e s c r i b e d  e n g i n e  warm-up p e r i o d  and checks for res idua l  r e a d i n g s  

on t h e  flow meters. Data a c c e p t a n c e  c r i t e r i a  were f o l l o w e d  t o  
insure t h e  q u a l i t y  o f  t h e  d a t a  matrix. In - l ab  d a t a  c o n t r o l  
c a l c u l a t i o n  methods  were deve loped  t o  a i d  i n  e v a l u a t i n g  t h e  d a t a .  

A c t u a l  c o n t r o l  of t h e  e n g i n e  was achieved by v a r y i n g  t h e  e n g i n e  

l o a d ,  t h e  e x h a u s t  pressure, t h e  f l o w  r a t e  and t h e  f l o w  r a t i o .  

Dur ing  s t a r t - u p ,  steam is f i r s t  r u n  t h r o u g h  t h e  sys t em to  

warm t h e  l i n e s  ( refer  to  e n g i n e  s t a r t - u p  check  l ist  i n  t h e  

Appendix) .  A t  some time d u r i n g  t h i s  warm-up, t h e  steam is s h u t  

o f f  t o  i n s u r e  t h a t  t h e  flow meters g o  t o  zero. The meters were 
a l s o  checked f o r  z e r o e s  a t  shutdown. A p e r s i s t e n t  problem d u r i n g  

t e s t i n g  was a r e s i d u a l  r e a d i n g  on t h e  s t e a n  flow meter upon 

shutdown. It  is t h o u g h t  t h a t  non-condens ib l e  g a s e s ( a i r 1  were 

b u i l d i n g  up i n  t he  low s i d e  seal  pot. T h i s  caused  a l o w e r i n g  o f  
t h e  w a t e r  l eve l  i n  t h i s  s e a l  p o t  d u r i n g  t e s t i n g ,  r e s u l t i n g  i n  a 

level  d i f f e r e n t i a l  of s e v e r a l  i n c h e s  between t h e  s e a l  p o t s  and a 

r e s i d u a l  r e a d i n g  of  5-101 of f u l l  scale .  Because t h e  flow r a t e  
i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  o f  t h e  p r e s s u r e  d r o p  across 
t h e  o r i f i c e  p l a t e ,  t h i s  r e s i d u a l  t r a n s l a t e s  i n t o  o n l y  a 1-22 

error under  normal o p e r a t i n g  c o n d i t i o n s .  It  was,  however,  
d e c i d e d  t o  b l e e d  steam from the top of the seal p o t s  to e l i m i n a t e  

t h i s  problem. Though t h e  b l e e d i n g  of steam d i d  no d o u b t  

e l i m i n a t e  t h e  b u i l d - u p  of non-condens ib l e  gases, i t  caused 

a n o t h e r  problem. The stearn b l e e d i n g  t h r o u g h  t h e  low s ide  s e a l  

p o t  was s u p e r h e a t e d  due  t o  t h e  p r e s s u r e  d r o p  across t h e  o r i f i ce  

p l a t e .  T h i s  s u p e r h e a t e d  steam d i d  n o t  allow normal c o n d e n s a t i o n ,  
c a u s i n g  a f l u c t u a t i o n  i n  t h e  w a t e r  l e v e l  i n  t h e  s e a l  p o t .  The 

r e s i d u a l  r e a d i n g  from t h i s  f l u c t u a t i o n  was even  more s e v e r e  t h a n  

t h e  o r i g i n a l  r e s i d u a l  from t h e  non-condens ib l e  g a s e s .  The 

problem was f i n a l l y  s o l v e d  by t h e  m a n u f a c t u r e  of w a t e r  c o o l i n g  
jacke ts  f o r  t h e  l i n e s  be tween t h e  o r i f i c e  p l a t e s  and t h e  s e a l  

p o t s .  T h i s  coo led  t h e  b l e e d i n g  steam t o  t h e  p o i n t  where enough 
would condense  t o  m a i n t a i n  a l e v e l  i n  t h e  s e a l  pots. 

\ 
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Other procedures to  insure data  consistency included an 

engine warm-up spec i f ica t ion  and consis tent  a i r  and water sea l  

operation. The o i l  re turn temperature from the e n g i n e  was always 

allowed to  reach 140 O F  before data  was taken. The o i l  pressure,  
adjusted by manipuatiion of a bypass valve, was always maintained 

a t  approximately 9 psig.  An a i r  sea l  pressure of 40 psig was 
maintained. The operation of the water sea l  depended on t e s t ing  
conditions.  I f  only pure steam was used t o  produce an i n l e t  

q u a l i t y  of 99Z, t h e  water s ea l  was operated. I f  any hot water 
was mixef w i t h  the steam t o  produce other  q u a l i t i e s ,  the- water 

s e a l s  were turned o f f .  

Control of operating conditions f o r  the engine was 
accomplished by varying the load, flow r a t e ,  flow r a t i o ,  and  

exhaust pressure. Since flow r a t e ,  flow r a t i o  and exhaust 

pressure a re  dependent on other operating conditions,  automatic 

control  of these var iables  was required. Load on the engine is 

independent of other var iables ,  allowing manual control .  

Varying the load on the engine was acconplished by varying 
the current  applied t o  the eddy current  brake. Increasing the 

load increased the i n l e t  pressure while decreasing the speed. I f  

uncontrolled,  the exhaust pressure a l so  increased w i t h  an 
increase i n  load,  

The steam flow r a t e  was maintained a t  a given se tpoin t  by a 

pneunatic PI-type cont ro l le r .  Increasing the mass flow r a t e  
increased both speed and i n l e t  pressure a s  well a s  uncontrolled 

exhaust pressure. 

The flow r a t i o ,  the r a t i o  between water and steam flow 

r a t e s ,  was maintained by a pneumatic PI-type cont ro l le r  working 
i n  conjunction w i t h  the steam flow cont ro l le r .  Because the 

cont ro l le r  uses the uncorrected flow r a t e  s igna ls ,  the 
con t ro l l e r  se tpoin t  corrosponds t o  d i f f e ren t  flow r a t i o s  a t  

d i f f e r e n t  flow leve ls .  T h i s  means t h a t  adjustment of the  
se tpoin t  f o r  changing conditions was necessary. 
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The domain of t e s t i n g  included water flow r a t e s  ranging frorn 
l e s s  t h a n  0.5 lbmlsec t o  almost 2 lbrnlsec. Precise.contro1 of 
flow is  d i f f i c u l t  over so wide  a range. The valve used, being 
b i g  enough t o  handle t h e  l a rge  flow r a t e s ,  cannot precisely 

control  the flow a t  low flow ra t e s .  T h i s  resul ted not o n l y ' i n  a 

d i r e c t  decrease i n  precision of cont ro l ,  b u t  a l so  i n  a lack of 

s t a b i l i t y  of the control system w i t h  the  usual gain se t t i ngs .  A t  

low flow r a t i o s ( l / l ) ,  t he  control gains had t o  be changed, 

s a c r i f i c i n g  response time t o  achieve s t a b i l i t y .  T h i s  fur ther  
increased-the d i f f i c u l t y  i n  achieving precise low flow r a t i o s .  

Exhaust pressure was control led wi th  a pneumatic PI-type 
cont ro l le r  actuat ing a steam valve on an a i r  e jec tor .  The a i r  
e j ec to r  removes non-condensible gases from the condenser. 
Decreasing exhaust pressure increases speed and decreases i n l e t  

pressure. 

For h i g h  exhaust pressures the cont ro l le r  is not usable. 
Some exhaust pressures higher than those obtained when the a i r  

e jec tor  i s  s h u t  o f f  a r e  required for  the model. To obtain these 
pressures,  the exhaust flow m u s t  be manually controlled by 

adjust ing the separator bypass valve. T h i s  i s  a slow process 
which l imited the number of data  points taken a t  high exhaust 

pressure.  

Data acceptance c r i t e r i a  were applied t o  the i n l e t  pressure,  
t he  exhaust pressure,  the engine speed and the flow r a t i o  or 
i n l e t  qual i ty .  An attempt was made t o  obtain three consecutive 
scans f o r  each data point. The data  for  each scan had t o  meet 

the  acceptance c r i t e r i a .  The scans were averaged t o  produce the 

data used for  each p o i n t .  The prac t ice  of obtaining three scans 

originated i n  e a r l i e r  tests when there  was much noise i n  the flow 

signals .  Three scans were then required t o  average out  the  

noise.  Currently, obtaining three  scans s i m p l y  serves  t o  
demonstrate t h a t  steady s t a t e  conditions have been reached. 

I n l e t  pressure was monitored a s  t h e  sa tura t ion  temperature. 
The resolut ion of the temperature measurment was 1 OF. 341 O F ,  

\ 
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c o r r e s p o n d i n g  to  119.6 p s i a ,  was used a s  t h e  t a r g e t  t e m p e r a t u r e .  

The a c c e p t a n c e  r a n g e  f o r  a g i v e n  s c a n  was p l u s  or minus  1 OF.  

T h i s  co r re sponded  to a p r e s s u r e  r a n g e  of from 118:O t o  121.2 

p s i a .  I n  p r a c t i c e ,  c o n t r o l  was f a i r l y  easy and t h e  da t a  was 

u s u a l l y  well w i t h i n  these bounds.  I n  p a r t i c u l a r ,  t h e  s t a n d a r d  

d e v i a t i o n  o f  t h e  i n l e t  p r e s s u r e  f o r  t h e  c u r r e n t  ser ies  of tests 
was 0.7 p s i .  

Exhaus t  pressure was a c c e p t e d  a c c o r d i n g  t o  t h e  same 
s t a n d a r d s  a s  i n l e t  p r e s s u r e .  T h i s  meant a n  a l l o w a b l e  v a r i a t i o n  

i n  t e m p e r a t u r e  o f  p l u s  o r  minus  1 OF. F o r  t h e  p r e s s u r e  r a n g e  
e n c o u n t e r e d ,  an error of 1 O F  c o r r o s p o n d s  t o  a b o u t  0.3 p s i a .  

The acceptance c r i t e r i a  for a s i n g l e  s c a n  of speed  was p l u s  
o r  m i n u s  50 RPH. After a v e r a g i n g  s c a n s ,  t h e  r e s u l t  was u s u a l l y  
well w i t h i n  t h i s  c r i t e r i a .  T a b l e  1 l ists  t h e  mean of t h e  s c a n  

a v e r a g e s ,  t h e  s t a n d a r d  d e v i a t i o n  and t h e  h i g h  and low s c a n  

a v e r a g e  f o r  b o t h  speed  and i n l e t  q u a l i t y .  

The a c c e p t a n c e  c r i t e r i o n  f o r  i n l e t  q u a l i t y  or e n t h a l p y  was 

less r i g o r o u s .  The main i n d i c a t o r  of i n l e t  q u a l i t y  was an  

i n d i r e c t  o n e ,  t h e  flow r a t i o .  I n  a d d i t i o n ,  even  t h e  f l o w  r a t i o  

had t o  b e  c a l c u l a t e d  u s i n g  t h e  flow c a l i b r a t i o n  c o n s t a n t s .  A 

d a t a  c o n t r o l  program for f l o w  r a t i o  was deve loped  and a s s i g n e d  a s  

a user mode f u n c t i o n  on an HP-41C programmable c a l c u l a t o r .  T h i s  

program can be found i n  t h e  Appendix. S i n c e  i n l e t  q u a l i t y  and 

e n t h a l p y  a r e  a l s o  dependen t  on t h e  w a t e r  and s team e n t h a l p i e s ,  a 

d a t a  c o n t r o l  program for i n l e t  e n t h a l p y  was a l so  deve loped  for 
d a y s  when t h e  e n t h a l p i e s  d e v i a t e d  from t h e i r  u s u a l  v a l u e s .  The 

g e n e r a l  d a t a  a c c e p t a n c e  c r i te r ion  for a s i n g l e  s c a n  was p l u s  or  
minus  0.05 i n  f l o w  r a t io .  For r e a s o n s  d i s c u s s e d  i n  t h e  

d e s c r i p t i o n  o f  t h e  e x p e r i m e n t a l  sys t em,  t h e  lower water flow 

r a t e s  a s s o c i a t e d  w i t h  h i g h e r  q u a l i t i e s  were both harder t o  
c o n t r o l  and  t o  measure .  I n  a d d i t i o n ,  i n l e t  q u a l i t y  and i n l e t  
e n t h a l p y  a r e  b o t h  more h e a v i l y  d e p e n d e n t  on flow r a t i o  f o r  h i g h e r  

i n l e t  q u a l i t i e s .  The d a t a  c o n t r o l  for lower q u a l i t i e s  was t h u s  

much be t t e r  t h a n  for h i g h e r  q u a l i t i e s .  O f  course, for  t h e  r u n s  
w i t h  p u r e  s team hav ing  a q u a l i t y  of 99%, c o n t r o l  o f  q u a l i t y  

\ 
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Pe r fo rmance  Measures and C a l c u l a t i o n s  

I m p o r t a n t  per formance  m e a s u r e s  f o r  t h e  Lysholm e n g i n e  

i n c l u d e  power o u t p u t  and e f f i c i e n c y .  Exhaus t  q u a l i t y  and t o t a l  
mass  f l o w  r a t e  a r e  parameters a l so  needed for o p t i m i z a t i o n  o f  t h e  

h y b r i d  system. The d e s c r i p t i o n  of e n g i n e  pe r fo rmance  i n  
d i m e n s i o n l e s s  terms r e q u i r e s  t h e  c a l c u l a t i o n  o f  o t h e r  p a r a i e t e r s  

i n c l u d i n g  s p e c i f i c  s i z e  and s p e c i f i c  speed .  C a l c u l a t i o n  of most 

o f  t hese  p a r a m e t e r s  r e q u i r e s  knowledge o f  t h e  s t a t e  and 

p r o p e r t i e s  of t h e  steam a t  t h e  i n l e t  and e x h a u s t .  I n  p r a c t i c e ,  

s t e a n  t a b l e  i n t e r p o l a t i o n  i s  r e q u i r e d .  Manual d a t a  r e d u c t i o n  

i n v o l v i n g  t h e  many r e q u i r e d  c a l c u l a t i o n s  on  t h e  l a r g e  number o f  

d a t a  p o i n t s  t a k e n  would have  compr ised  an a l m o s t  unmanageable 

t a s k .  The  manual c a l c u l a t i o n s  a re  b o t h  t e d i o u s  and  i m p o s s i b l e  t o  
per form w i t h o u t  e r r o r .  Steam t a b l e  i n t e r p o l a t i o n  i s  p a r t i c u l a r l y  

p r o n e  t o  i n n a c c u r a c y  and error. The o r g a n i z a t i o n  and s t o r a g e  of 
raw d a t a  i s  a l s o  a d i f f i c u l t  t a s k  t o  perform manua l ly .  To h a n d l e  

t h e s e  t a s k s ,  FORTRAN computer  c o d e s  were #deve loped .  The c o d e s  
were run on a PDP-11/60 m i n i c o n p u t e r  u s i n g  t h e  RSX-11M o p e r a t i n g  

s y s t e m .  As a p a r t  o f  t h e  c o d e s ,  a steam t a b l e  s u b r o u t i n e  was 

c o n s t r u c t e d  and t e s t ed .  L i s t i n g s  of p rograms  descr ibed  i n  t h i s  

s e c t i o n  c a n  be found i n  t h e  Appendix. 

The raw d a t a  n e c e s s a r y  f o r  a l l  c a l c u l a t i o n s  a r e  t h e  
uncorrected f l o w  s i g n a l s ,  t h e  hot water  and calorimeter 

t e n p e r a t u r e s ,  t h e  i n l e t  and e x h a u s t  t e m p e r a t u r e s ,  and t h e  speed 

and t o r q u e  s i g n a l s .  O t h e r  i n f o r m a t i o n  r e q u i r i n g  s t o r a g e  f o r  e a c h  

d a t a  p o i n t  i n c l u d e  t h e  run  number, t h e  run  d a t e ,  t h e  b a r o m e t r i c  

pressure,  a conment c o d e ,  and a c a l i b r a t i o n  c o d e  s p e c i f y i n g  t h e  

a p p r o p r i a t e  flow c a l i b r a t i o n  c o n s t a n t s  fo r  d e t e r m i n a t i o n  o f  t h e  

f l o w  r a t e s .  

The d a t a  v a l u e s  from a l l  s c a n s  were ave raged  f o r  e a c h  r u n ,  

p r i o r  t o  s t o r a g e  i n  t h e  computer .  The raw d a t a  e n t e r e d  and 

s t o r e d  i s  i n  t h e  s a n e  form as t h e  o u t p u t  from t h e  Autodata .  For 
t h e  Autodata  c h a n n e l  u s a g e  and o u t p u t  f o r m a t ,  refer t o  t h e  

Appendix . 

\ 
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T h e  computer  c o d e  u t i l i z e s  a d i rec t  access f i l e  for d a t a  
s t o r a g e .  Each numbered r e c o r d  l i n e  i n  t h e  f i l e  h o l d s  t h e  raw 

d a t a  f o r  a s i n g l e  p o i n t .  The d a t a  a re  o r g a n i z e d  i n t o  a three 

d i m e n s i o n a l  matr ix  c o r r e s p o n d i n g  t o  t h e  m a t r i x  used f o r  d a t a  

a c q u i s i t i o n .  The d i m e n s i o n s  o f  t h e  matrix a re  flow r a t i o ,  speed  

and e x h a u s t  p r e s s u r e .  When a c c e p t i n g  d a t a ,  t h e  computer  prompts 

f o r  a + d i g i t  code  which e x p l i c i t l y  s p e c i f i e s  t h e  p o s i t i o n  a l o n g  

e a c h  o f  t h e  t h ree  a x e s  o f  t h e  m a t r i x .  The three d i g i t s  a r e  t h e n  

c o n v e r t e d  i n t o  a one  d i m e n s i o n a l  a r r a y  element number 

c o r r e s p o n d i n g  t o  t h e  number o f  a r e c o r d  l i n e  i n  t h e  f i l e .  

When r e d u c t i o n  or  o u t p u t  o f  d a t a  i s  d e s i r e d ,  a p o i n t  o r  se t  

o f  p o i n t s  can b e  o b t a i n e d  u s i n g  t h e  same 3 - d i g i t  code. 

O r g a n i z a t i o n  o f  d a t a  i n  t h i s  manner makes t h e  program v e r y  

v e r s a t i l e  i n  t h e  c r e a t i o n  o f  d a t a  f i l e s  f o r  p l o t t i n g  or a n a l y s i s .  

Two v e r s i o n s  o f  t h e  program were used t o  p roduce  d i f f e ren t  t y p e s  

o f  reduced o u t p u t .  One program p r o d u c e s  o u t p u t  f i l e s  w i t h  

h e a d e r s  and p e r i p h e r a l  i n f o r m a t i o n  s u c h  a s  run  number and run  

d a t e .  The o t h e r  program p r o d u c e s  o u t p u t  f i l e s  i n  a bare form 

s u i t a b l e  f o r  use a s  s o u r c e  f i l e s  for p l o t t i n g  r o u t i n e s .  

Another i m p o r t a n t  f e a t u r e  o f  t h e  computer  c o d e s  is  a s team 

t a b l e  s u b r o u t i n e  l i n k e d  t o  t h e  main program for d e t e r m i n a t i o n  o f  

s t e a n  s t a t e s .  The s u b r o u t i n e  i s  e s s e n t i a l l y  a look-up t a b l e  wi th  

loga r i thmic  i n t e r p o l a t i o n  r o u t i n e s  for d e t e r m i n a t i o n  o f  

p r o p e r t i e s  i n s i d e  a s k e l e t o n  of steam d a t a  p o i n t s .  Steam d a t a  

was o b t a i n e d  from t h e  1967 ASYE Steam Tables173.  The current 

r a n g e  of  t h e  t a b l e  i n c l u d e s  t h e  r e g i o n  i n s i d e  t h e  v a p o r  dome 

e x t e n d i n g  o u t  t o  70 O F  s u p e r h e a t .  The uppe r  and lower  p r e s s u r e  

l i m i t s  a r e  0.95 p s i a  and 153 p s i a ,  r e s p e c t i v e l y .  The t a b l e  was 

o r i g i n a l l y  d e s i g n e d  t o  a c c e p t  an  i n p u t  s t a t e  s p e c i f i e d  by  

pressure o r  t e m p e r a t u r e  and one  o t h e r  p r o p e r t y  i n c l u d i n g  s p e c i f i c  

volume, e n t h a l p y ,  e n t r o p y  or q u a l i t y .  A s t a t e  s p e c i f i e d  by 

pressure and t e n p e r a t u r e  is allowed i n  t h e  s u p e r h e a t e d  r e g i o n .  

The c a p a b i l i t y  for  s p e c i f i c a t i o n  o f  s t a t e  by s p e c i f i c  volume and 

e n t r o p y  was l a t e r  appended for f u t u r e  u s e  i n  s i m u l a t i o n  model ing .  

The s t a t e  s p e c i f y i n g  p r o p e r t i e s  a r e  p a s s e d  a s  a r g u m e n t s  t o  t h e  

...-.. 
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s u S r o u t i n e .  Tne p r o p e r t i e s  used i n  t h e  s t a t e  s p e c i f i c a t i o n  a r e  

l a b e l e d  by  t h e  use o f  l o g i c a l  v a r i a b l e s  pas sed  t h r o u g h  a conmon 

s t a t e m e n t .  The o u t p u t  p r o p e r t i e s  a r e  passnd  a s  a r g u n e n t s  t o  t h e  

main p r o g r a n .  

P a r a n e t e r s  c a l c u l a t e d  by t h e  program are  i n l e t  and e x h a u s t  

p r e s s u r e ,  p r e s s u r e  r a t i o ,  t o t a l  mass  f l o w  r a t e ,  i n l e t  e n t h a l p y ,  
i n l e t  q u a l i t y ,  power, e f f i c i e n c y ,  l e a k a g e  r a t e ,  e x h a u s t  q u a l i t y ,  

s p e c i f i c  s i z e  and s p e c i f i c  speed .  O t h e r  d i m e n s i o n l e s s  p a r a m e t e r s  

p o t e n t i a l l y  u s e f u l  i n  model ing  i n c l u d e  l e a k a g e  r a t i o ,  power 
s p e c i f i c  s i z e ,  power spec i f ic  speed  and s p e c i f i c  power. 

The i n d i v i d u a l  mass f low r a t e s  a r e  c a l c u l a t e d  u s i n g  
c a l i b r a t i o n  c o n s t a n t s  p e c u l i a r  t o  t h e  c a l i b r a t i o n  p e r i o d  and 

o r i f i c e  p l a t e s  used  f o r  a g i v e n  r u n .  The t o t a l  f l o w  r a t e  is 

s i m p l y  t h e  sun  o f  t h e  h o t  w a t e r  and s t e a a  f low r a t e s .  

The i n l e t  e n t h a l p y  i s  o b t a i n e d  from t h e  mass f l o w  r a t e s  and 
t h e  e n t h a l p i e s  o f  t h e  h o t  w a t e r  and stearn. The h o t  w a t e r  

e n t h a l p y  i s  e s t i m a t e d  u s i n g  the  e x p r e s s i o n  f o r  an i d e a l i z e d  

i n c o n p r e s s i b l e  f l u i d  w i t h  c o n s t a n t  s p e c i f i c  heatC51. 

h2 - h l  = cp(T2 - T I )  + v(P2  - PI) 
S i n c e  t h e  s p e c i f i c  vo lume(v)  i s  v e r y  s m a l l ,  t h e  e n t h a l p y  can  be  

a c c u r a t e l y  e s t i m a t e d  by t a k i n g  T = T s a t .  Then: 

h, = hf(Tw)  [Steam T a b l e  C a l l ]  

Where: hw i s  t h e  h o t  w a t e r  e n t h a l p y  

h f  is t h e  e n t h a l p y  of a s a t u r a t e d  l i q u i d  

Tw i s  t h e  w a t e r  t e m p e r a t u r e  

The s team e n t h a l p y  is measured by f l a s h i n g  t h e  s t e a n  t o  
a t m o s p h e r i c  p r e s s u r e  i n  a c a l o r i m e t e r .  The s t a t e  o f  t h e  

t h r o t t l e d  s team is  d e f i n e d  by t h e  c a l o r i m e t e r  t e m p e r a t u r e  and 

a t m o s p h e r i c  p r e s s u r e .  The e n t h a l p y  is assurned c o n s t a n t  for t h e  
t h r o t t l i n g  p r o c e s s  i n  t h e  c a l o r i m e t e r .  The s team e n t h a l p y  is 

t h e n  g i v e n  by: 

h s  = hc = h ( T c ,  Pat") [ S t e a q  T a b l e  C a l l 1  
Where: hs is t h e  s team e n t h a l p y  

hc is t h e  e n t h a l p y  of t h o  t h r o t t l e d  

TC is t h e  ca lo r i rneLer  t e m p e r a t u r e  

steam 

\ 
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P a t r n  i s  t h e  a t m o s p h e r i c  p r e s s u r s .  

The i n l e t  e n t h a l p y  i s  t h e n  g i v e n  by: 
h l  = (m,hw + mshs) / (m, + m,) 

Wnere: h l  i s  t h e  i n l e t  e n t h a l p y  

m w  i s  t h e  h o t  w a t e r  f l o w  r a t e  

m s  is t h e  s team f low r a t e  

22  

The i n l e t  s t a t e  is d e f i n e d  by t h e  i n l e t  e n t h a l p y  and 
t e s p e r a t u r e .  The p r o p e r t i e s  a t  t h e  i n l e t  a r e  de t e rmined  u s i n g  

t h e  steaq t a b l e :  

x i  = x ( T 1 ,  h i )  [Steam T a b l e  C a l l ]  

s i  = s ( T 1 ,  h i )  [ S t e a n  T a b l e  C a l l 1  
v1 = v(T1,  h i )  [Steam T a b l e  C a l l ]  

Where: x 1  i s  t h e  i n l e t  q u a l i t y  

s1 i s  t h e  i n l e t  e n t r o p y  
v i  i s  t h e  i n l e t  s p e c i f i c  volume 

Ti i s  t h e  i n l e t  t e s p e r a t u r e  

I n l e t  pressure,  e x h s u s t e p r e s s u r e  and p r e s s u r e  r a t i o  are  a l s o  

o b t a i n e d  u s i n g  t h e  s t e a n  t a b l e :  
P1  = P ( T 1 )  [Steaa T a b l e  Call1 

P2 = P(T2)  [Steam T a b l e  C a l l l  

PRESSUilE R A T I O  = P i  / P2 
Where: P i  i s  t h e  i n l e t  p r e s s u r e  

P 2  i s  t h e  e x h a u s t  p r e s s u r e  

The l e a k a g e  r a t e  frm t h e  i n l e t  chanbe r  is  de te rmined  by 

s u b t r a c t i n g  t h e  t h e o r e t i c a l  mass flow r a t e ,  assuming no l e a k a g e ,  

from t h e  t o t a l  mass  f l o w  r a t e .  The t h e o r e t i c a l  flow r a t e  is  a 

f u n c t i o n  o f  e n g i n e  geomet ry ,  e n g i n e  speed  and i n l e t  d e n s i t y .  
C a r d n e r - D e n v e r ,  t h e  m a n u f a c t u r e r  of t h e  e n g i n e ,  h a s  s t a t e d  t h a t  

t h e  i n t a k e  volume is 13.8 c u b i c  i n c h e s  p e r  r e v o l u t i o n [ 9 3 .  The 

t h e o r e t i c a l  volume f l o w  r a t e  i s  t h e n  g i v e n  by: 

Vf = V i N  

dhe re :  Vf  is t h e  volume flow r a t e  

‘Vi is  t h e  i n t a k e  volume p e r  r e v o l u t i o n  

N i s  t h e  e n g i n e  speed  

\ 
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The l e a k a g e  r a t e  from t h e  i n t a k e  chamber w h i l e  t h e  i n l e t  is 

st i l l  open is t h e n :  

m i  = m t  - ( V f  / V I )  

Where: m l  is t h e  l e a k a g e  r a t e  

m t  is t h e  t o t a l  flow r a t e  

Power is c a l c u l a t e d  as t h e  p r o d u c t  o f  t o r q u e  and s p e e d .  

D e t e r m i n a t i o n  o f  e f f i c i e n c y ,  s p e c i f i c  speed  and s p e c i f i c  s i ze  
r e q u i r e  c a l c u l a t i o n  of t h e  i s e n t r o p i c  e n t h a l p y  d r o p ,  which 

r e p r e s e n t s  t h e  e n e r g y  a v a i l a b l e  from t h e  s t e a n  for a .  g i v e n  

p r e s s u r e  d r o p .  I n s e n t r o p i c  e x p a n s i o n  of  t h e  steam i m p l i e s  a 

r e v e r s i b l e  a d i a b a t i c  p r o c e s s .  

The i s e n t r o p i c  e n t h a l p y  d r o p  c a n  be d e t e r m i n e d  from t h e  

i n l e t  s t a t e  and t h e  e x h a u s t  t e m p e r a t u r e  or p r e s s u r e .  The i n l e t  
e n t r o p y  i s  used t o  f i x  t h e  i s e n t r o p i c  e x h a u s t  s t a t e .  

h2s = h(T2,  s i )  [Steaq T a b l e  Call1 
d h s  = h l  - h 2 s  . 

mere: hzs  is t h e  e x h a u s t  e n t h a l p y  f o r  i s e n t r o p i c  e x p a n s i o n  
T2 i s  t h e  e x h a u s t  t e m p e r a t u r e  

dh, i s  t h e  i s e n t r o p i c  e n t h a l p y  d r o p  

The i s e n t r o p i c  e f f i c i e n c y  i s  t h e n  g i v e n  as: 
EFFICIENCY= POWER / (mtdhs) 

T h e  e x h a u s t  s t a t e  c a n  n o t  be  d e t e r m i n e d  d i r e c t l y  froa t h e  

a v a i l a b l e  d a t a .  The e x h a u s t  s t a t e  can, however ,  b e  approximated  

by assuming an a d i a b a t i c  e n g i n e .  The e x h a u s t  e n t h a l p y  i s  t h e n  

d e t e r m i n e d  t h r o u g h  c o n s e r v a t i o n  of  energy:  

h 2  = h i  - POWER 

The e x h a u s t  q u a l i t y ,  as well as o t h e r  e x h a u s t  p r o p e r t i e s ,  c a n  

t h e n  b e  e s t i m a t e d  u s i n g  t h e  steam t a b l e :  

x 2  = x(T2,  h 2 )  [Steam T a b l e  Cal l ]  

The s p e c i f i c  speed  ( n s )  and specif ic  s i z e ( d s )  are 
t r a d  i t  i o n a l  l y  c a l c u l a t e d  as : 

ns = (N(mtvZs)1/2) / dhS3I4 

ds = (Ddhsl /4)  / ( r n t ~ 2 ~ ) 1 / 2  

Where: N is  t h e  e n g i n e  speed  [RPMI 

\ 
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m t  is t h e  t o t a l  mass flow r a t e  [ l b m / s e c l  

vzS is t h e  i s e n t r o p i c  e x h a u s t  v o l m e  [ c u b i c  f t / l b m l  

dhs i s  t h e  i s e n t r o p i c  e n t h a l p y  d r o p  [ f t - l b f / l b m ' l  
D i s  t h e  r o t o r  d i a m e t e r  Cft] 

The s p e c i f i c  speed  and s p e c i f i c  s ize  a s  c a l c u l a t e d  have  
u n i t s  of RPM( l b m - f t / l b f )  3 /4 /sec1/2  and  ( l b f /  ( l b m - f t / s e c 2 )  1 / 4 *  

r e s p e c t i v e l y  . These  p a r a m e t e r s  c a n  b e  made u n i t l e s s  by  
m u l t i p l  i c a t i o n  by  u n i t  constants: 

Ns = ns ( 7.75 1 E-3 ( rad-mid rev-sec) ( l b f /  ( l b m - f t / s e c 2 )  314 

D, = d s  ( 2.382 ( ( l b m - f t / s e c 2 )  / l b f  1 114 1 

There a r e  s i x  d i m e n s i o n a l  v a r i a b l e s  c u r r e n t l y  b e i n g  
c o n s i d e r e d  i n  d i m e n s i o n a l  a n a l y s i s :  

Power 

T o t a l  Mass Flow R a t e  

I s e n t r o p i c  E n t h a l p y  Drop(Head1 

Engine  Speed 

Engine Size(Rotor Diameter) 

I s e n t r o p i c  Exhaus t  Volume 

T h e s e  s i x  d i m e n s i o n a l  v a r i a b l e s  are  d e s c r i b e d  by t h r e e  

fundamenta l  d imens ions :  mass ,  l e n g t h  and time. The Buckingharn-Pi 

T h e o r m [ l O l  s t a t e s  t h a t  t h e r e  a r e  t h e n  6 - 3 = 3 i n d e p e n d e n t  
d i m e n s i o n l e s s  g r o u p i n g s  of t h e  d i m e n s i o n a l  v a r i a b l e s .  Along w i t h  

e f f i c i e n c y ,  t h e  spec i f ic  speed and specific s i z e  comprise o n e  set 
of 3 i n d e p e n d e n t  d i m e n s i o n l e s s  groups .  

Other  p o s s i b l e  d i m e n s i o n l e s s  g r o u p s  i n c l u d e :  

t h e  s p e c i f i c  power 
PR = (POWER)(V2s) / (N3D5) 

t h e  d h e n  si0 nl e ss he ad 

H* = dh, / (N2D2) 

F* = ( 1 n t v 2 ~ )  / ( N D 3 )  
t h e  d i m e n s i o n l e s s  flow 

t h e  s p e c i f i c  momentum 

M* = POMER / ( N h t d h s l / 2 )  

Also ,  i t  h a s  been s u g g e s t e d  t h a t  fo r  power d e v i c e s ,  t h e  power 

s p e c i f i c  speed(Nsp)  and power s p e c i f i c  size(Dsp) may b e  
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u s e f u l [  1 1  I :  
Nsp = N ( ( P O W E R ) ( V ~ ~ ) ) ' / ~  1 dhS5I4 

Dsp = dhS1I2 / ( (POWER) ( ~ 2 ~ )  (N2) 1115 
These a d d i t i o n a l  d i m e n s i o n l e s s  g r o u p s  a re  n o t  i n d e p e n d e n t  of t h e  

f i r s t  t h r e e  ment ioned .  They can  b e  s i m p l y  d e r i v e d  fron p r o p e r  

c o m b i n a t i o n s  of  a n y  o the r  t h r e e  i n d e p e n d e n t  groups. It s h o u l d  be 
n o t e d  t h a t  a n  e n t i r e l y  new s e t  of d i m e n s i o n l e s s  g r o u p s  c o u l d  be 

o b t a i n e d  by s u b s t i t u t i n g  t h e  i n l e t  s p e c i f i c  v o l u n e  for t h e  

i s e n t r o p i c  e x h a u s t  s p e c i f i c  vo lune .  

> 



MODELING 26 

Modeling 

Three t y p e s  o f  node1  were c o n s i d e r e d  t o  d e s c r i b e  t h e  

pe r fo rmance  of  t h e  Lysholm e n g i n e .  A model d e s c r i b i n g  t h e  e n g i n e  
i n  terms o f  d i m e n s i o n l e s s  p a r a m e t e r s  was a t t e m p t e d .  It was hoped 

t h a t  a d i m e n s i o n l e s s  model, t h r o u g h  s i m i l a r i t y ,  c o u l d  r e d u c e  t h e  

nunbe r  of  p a r a m e t e r s  needed t o  d e s c r i b e  t h e  o p z r a t i n g  c o n d i t i o n s  

o f  t h e  e n g i n e  and f i l l  i n  t h e  a r e a s  of t h e  per formance  map f o r  

w h i c h  d a t a  were n o t  o b t a i n e d .  A s i m p l e  model w i t h  t h r e e  

d i m e n s i o n l e s s  p a r a m e t e r s  c o u l d  n o t  , however * c o n s i s t e n t l y  

desc r ibe  e n g i n e  per formance .  I t  a p p e a r s  t h a t  a n o t h e r ,  a s  y e t  
unused d i m e n s i o n a l  pararne ter  p roduc ing  a n  a d d i t i o n a l  i n d e p s n d e n t  

d i m e n s i o n l e s s  g roup  i s  needed t o  d e s c r i b e  e n g i n e  per formance .  A 

f i f t h  d i n e n s i o n l e s s  g r o u p ,  r e l a t i n g  t o  l e a k a g e  a r e a ,  would also 

b e  r e q u i r e d  t o  ex tend  p r e d i c t i o n s  t o  sca l ed -up  e n g i n e s .  Another  

t y p e  o f  model i s  a computer  s i m u l a t i o n .  Computer s i m u l a t i o n  

would a t t e m p t  t o  n o d e l  t h e  p h y s i c a l  p r o c e s s e s  o z c u r r i n g  i n s i d e  

t h e  e n g i n e .  T h i s  approach  h a s  b o t h  t h e  most  p r o n i s e  for  

i m a e d i a t e l y  e x t e n d i n g  r e s u l t s  t o  s ca l ed -up  e n g i n e s  and t h e  most 

p o t e n t i a l  f o r  a s s i s t i n g  i n  d e s i g n  improvements .  Computer 

s i m u l a t i o n  would,  however ,  ba  a d i f f i c u l t  open-ended p r o j e c t  
beyond t h e  scope  o f  t h i s  i n v e s t i g a t i o n .  The node1 f i n a l l y  chosen  

u s e s  a s i m p l e  e a p i r i c a l  " b l a c k  boxt1 approach .  T n i s  a p p r o a c h  

d i r e c t l y  r e l a t e s  t h e  per formance  p a r a m e t e r s  of  t h e  e n g i n e  t o  t h e  

o p e r a t i n g  c o n d i t i o n s  t h r o u g h  p u r e l y  e m p i r i c a l  r e l a t i o n s  o b t a i n e d  
by c u r v e  f i t t i n g .  T h i s  approach  is  e a s i e s t  t o  impl iment  and use. 
I t  i s ,  however ,  o f  l i m i t e d  us2  i n  improving  t h e  e n g i n e  d e s i g n  o r  

e x t e n d i n g  r e s u l t s  t o  s ca l ed -up  e n g i n e s .  

The a t t e m p t  a t  d i m e n s i o n l e s s  model ing  i n v o l v e d  a t h r e e  

d i m e n s i o n a l  p l o t  of e f f i c i e n c y ,  s p e c i f i c  speed  and s p e c i f i c  s ize .  

The p l o t  i n c l u d e d  an e a r l i e r  m a t r i x  of d a t a  p o i n t s  h a v i n g  

c o n s t a n t  e x h a u s t  p r e s s u r e  and v a r y i n g  i n l e t  p r e s s u r e .  When t h e  

c u r r e n t  d a t a  m a t r i x  of p o i n t s  w i t h  c o n s t a n t  i n l e t  p r e s s u r e  and 
v a r y i n g  e x h a u s t  p r e s s u r e  was added ,  i n c o n s i s t e n c i e s  r e s u l t e d  i n  

t h e  p l o t .  P o i n t s  w i t h  t h e  s a n e  c o a b i n a t i o n  of s p e c i f i c  s i z e  and 
s p e c i f i c  speed  had v e r y  d i f f e r e n t  e f f i c i e n c i e s .  I n  p a r t i c u l a r  , 
h i g h e r  a b s o l u t e  i n l e t  and e x h a u s t  p r e s s u r e s  r e s u l t e d  i n  much 

\ 
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h i g h e r  e f f i c i e n c i e s  t h a n  similar p o i n t s  w i t h  lower p r e s s u r e s .  

T h i s  i n d i c a t e d  t h a t  there  is a f o u r t h  i n d e p e n d e n t  d i m e n s i o n l e s s  

p a r a m e t e r  needed t o  d e s c r i b e  e n g i n e  per formance .  

The Buckingham-Pi theorem[lOI  s t a t e s  t h a t  a n o t h e r  

i n d e p e n d e n t  d i m e n s i o n l e s s  g r o u p  r e q u i r e s  a n o t h e r  d i m e n s i o n a l  

p a r a n e t e r  d e s c r i b i n g  t h e  e n g i n e  o p e r a t i n g  c o n d i t i o n .  It i s  n o t  
c l e a r  a t  t h i s  time what t h e  a d d i t i o n a l  p a r a m e t e r  is. 

One p o s s i b i l i t y  i s  t h e  i n l e t  s p e c i f i c  volume. C u r r e n t l y ,  
t h e  i s e n t r o p i c  e x h a u s t  s p e c i f i c  v o l u n e  and t h e  i s e n t r o p i c  

e n t h a l p y  d r o p  a re  t h e  o n l y  two d i m e n s i o n a l  p a r a m e t e r s  used for 
t h e  d i m e n s i o n l e s s  g r o u p i n g  which descr ibe t h e  s t a t e  of t h e  

working  f l u i d .  These two p a r a m e t e r s  a l o n e  a re  n o t  enough t o  

d e f i n e  e x p l i c i t l y  t h e  c o n d i t i o n  of  t h e  s team a t  a n y  p o i n t  i n  t h e  

e n g i n e .  I n  a d d i t i o n ,  t h e  c h o i c e  o f  t h e  e x h a u s t  volume f o r  u s e  i n  

t h e  d i m e n s i o n l e s s  g r o u p s  may h a v e  been an u n f o r t u n a t e  one .  T h i s  

c h o i c e  i s  based on t h e  t r a d i t i o n a l  a p p r o a c h  r e s u l t i n g  from t h e  

g r e a t e r  i m p o r t a n c e  of  t h e  e x h a u s t  s t a t e  i n  t u r b i n e  
per formance[ l21 .  I n  t u r b i n e s ,  t h e  n a t u r e  o f  t h e  e x h a u s t  v e l o c i t y  

t r i a n g l e s  i s  d e t e r m i n e d  by t h e  e x h a u s t  s p e c i f i c  volume. These 
v e l o c i t y  t r i a n g l e s  d i r e c t l y  a f f e c t  t h e  e f f i c i e n c y  o f  a t u r b i n e  by 

d e f i n i n g  t h e  magni tude  of t h e  l e a v i n g  losses.  I n  i m p u l s e  t y p e  

t u r b i n e s ,  t h e  i n l e t  v e l o c i t y  t r i a n g l e  is a l s o  d e t e r m i n e d  by t h e  
e x h a u s t  specific volume. It is not c lear ,  however, that t h e  

e x h a u s t  s t a t e  is as i m p o r t a n t  i n  a p o s i t v e  d i s p l a c e m e n t  machine  
s u c h  a s  t h e  Lysholm e n g i n e .  I n  many ways,  t h e  Lysholm e n g i n e  i s  
s i m i l a r  t o  a r e c i p r o c a t i n g  t y p e  e n g i n e  for which i n l e t  d e n s i t y  i s  
v e r y  i m p o r t a n t .  

One a p p r o a c h  t o  d i m e n s i o n a l  a n a l y s i s  m i g h t  b e  t o  a d d  t h e  

i n l e t  s p e c i f i c  v o l m e ,  o r  a n o t h e r  i n l e t  p r o p e r t y  as a d i m e n s i o n a l  

p a r a m e t e r  t o  s p e c i f y  t h e  i n l e t  s t a t e .  One more i n d e p e n d e n t  

d i m e n s i o n l e s s  g r o u p  c o u l d  t h e n  be o b t a i n e d  for c o r r e l a t i o n  of t h e  

d a t a .  

The d i s c o v e r y  of a f o u r t h  d i m e n s i o n l e s s  g r o u p  t o  

c h a r a c t e r i z e  t he  per formance  of t h e  Lysholm e n g i n e  would s t i l l  be 
i n a d e q u a t e  t o  e x t e n d  r e s u l t s  t o  other Lysholm e n g i n e s  of 

\ 
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d i f f e r e n t  s i z e .  Per formance  of t h e  e n g i n e  is h e a v i l y  d e p e n d e n t  

on  t h e  l e a k a g e  o c c u r i n g  i n  t h e  e n g i n e .  The l e a k a g e  is d e p e n d e n t  

on t h e  l e a k a g e  a r e a  d e f i n e d  by t h e  e n g i n e  c l e a r a n c e s .  R e l a t i v e  
l e a k a g e  a r e a s  w i l l  u n d o u b t e d l y  v a r y  i n  e n g i n e s  of d i f f e r e n t  

s i z e s .  A f i f t h  d i m e n s i o n l e s s  p a r a m e t e r  i n v o l v i n g  the  e n g i n e  
geometry  w i l l  be r e q u i r e d  t o  p r e d i c t  p e r f o r m a n c e  of  s c a l e d - u p  
e n g i n e s .  One s u c h  p o s s i b l e  p a r a n e t e r  is  descr ibed by  BaljeC 121 

a s  t h e  r a t i o  of  t i p  c l e a r a n c e  t o  rotor  diameter. The t i p  

c l e a r a n c e  would t h e n  become an a d d i t i o n a l  d i m e n s i o n a l  p a r a a e t e r  

u s e d  t o  desc r ibe  t h e  o p e r a t i n g  c o n d i t i o n  of t h e  e n g i n e .  T e s t i n g  

o f  a t  l e a s t  o n e  o ther  e n g i n e  would be r e q u i r e d  t o  c h a r a c t e r i z e  
p e r f o r m a n c e  i n  terms of  a d i m e n s i o n l e s s  g r o u p  i n v o l v i n g  l e a k a g e .  

Another  problem w i t h  d i n e n s i o n a l  a n a l y s i s  i s  t h a t  

d e t e r i n i n a t i o n  of t h e  o p e r a t i n g  c o n d i t i o n  i n  terms of spec i f ic  

s i z e  and specif ic  speed r e q u i r e s  knowedge of o n e  of t h e  d e p e n d e n t  

d i m e n s i o n a l  p a r a n e t e r s  as t e s t e d .  The e x h a u s t  p r e s s u r e  is  

c o n t r o l l e d  a u t o m a t i c a l l y ,  a s  is t h e -  flow r a t io .  S e v e r a l  

a p p r o a c h e s  t o  t h e  f i x i n g  o f  t h e  o ther  p r o p e r t i e s  are  possible.  

I n  one a p p r o a c h ,  t h e  mass flow r a t e  i s  f i x e d .  The load is  t h e n  

used  t o  c o n t r o l  e i ther  t h e  i n l e t  p r e s s u r e  o r  t h e  speed .  I n  t h i s  

c a s e ,  t h e  d e p e n d e n t  p a r a n e t e r s  needed t o  d e f i n e  s p e c i f i c  speed  

and s p e c i f i c  s i z e  a r e  i s e n t r o p i c  e n t h a l p y  d r o p ,  d e f i n e d  by t h e  

i n l e t  p r e s s u r e ,  or  speed. The nethod a c t u a l l y  u s e d  i n v o l v e s  
a d j u s t i n g  b o t h  t h e  mass flow r a t e  and l o a d  t o  f i x  speed  and i n l e t  

p r e s s u r e .  I n  t h i s  c a s e ,  t o t a l  mass flow r a t e  becomes a d e p e n d e n t  

v a r i a b l e  needed f o r  s p e c i f i c  s p e e d  and s p e c i f i c  s i z e .  It i s  t h u s  

d i f f i c u l t  t o  p r o d u c e  a d a t a  matrix i n  s p e c i f i c  s ize  and s p e c i f i c  

speed. Such a d a t a  m a t r i x  is a l m o s t  e s s e n t i a l  i n  d e t e r m i n i n g  

r e l a t i o n s h i p s  between d i m e n s i o n l e s s  g r o u p s  f o r  a computer  model. 

The d e p e n d e n t  v a r i a b l e s  needed for t h e  d i m e n s i o n l e s s  

p a r a m e t e r s  a l s o  c o m p l i c a t e  t h e  c o m b i n a t i o n  of  t h e  Lysholm model 

w i t h  models of o the r  components  i n  o p t i m i z a t i o n  of a h y b r i d  

s y s t e n .  The s o l u t i o n s  a r e  n o t  a s  e x p l i c i t ,  r e q u i r i n g  i t e r a t i o n s  

t o  match components .  

\ 
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A s i m u l a t i o n  model would b e  an a t t e m p t  t o  e x p l a i n  t h e  e n g i n e  
per formance  i n  terms of t h e  p h y s i c a l  p r o c e s s e s  occur . r ing  i n s i d e  

t h e  e n g i n e .  One p r o m i s i n g  a p p r o a c h  would follow t h e  s t a t e  of t h e  

s team i n  t h e  chambers  a s  t h e y  expand down t h e  mesh l i ne .  The 

i d e a l i z e d  i s e n t r o p i c  e x p a n s i o n  of  t h e  f l u i d  i n  t h e  chambers ,  t h e  

l e a k a g e  f r o 3  chamber to chamber and i n t o  t h e  e x h a u s t ,  t h e  

a c c e l e r a t i o n  o f  t h e  f l u i d  a s  i t  moves i n t o  t h e  e n g i n e ,  and t h e  
f r i c t i o n a l  h e a t i n g  of f l u i d  r e s u l t i n g  from d r a g  are  among t h e  

p r o c e s s e s  t o  b e  c o n s i d e r e d .  The r o t a t i o n  of t h e  rotors and 

e x p a n s i o n  of  t h e  chambers  i s  s i m u l a t e d  i n c r e m e n t a l l y .  The 

e f f e c t s  o f  a l l  p r o c e s s e s  i n v o l v i n g  t h e  f l u i d  i n  a g i v e n  chamber 
a t  t h e  end o f  t h e  i n c r e m e n t  a r e  combined u s i n g  t h e  p r i n c i p l e s  of  

c o n s e r v a t i o n  of mass and e n e r g y  t o  f i x  t h e  r e s u l t i n g  s t a t e  of t h e  

f l u i d .  T h i s  b e c o n e s  t h e  i n i t i a l  condi t ion  for  t h e  n e x t  

i n c r e m e n t .  A s t a b l e  s i m u l a t i o n ,  s t a r t i n g  w i t h  sone a r b i t r a r y  s e t  

o f  i n t e r m e d i a t e  chamber c o n d i t i o n s ,  would r e a c h  some se t  of 
e q u i l i b r i u n  i n t e r m e d i a t e  chamber c o n d i t i o n s  a f t e r  t h e  model h a s  

r u n  f o r  a time. The e x h a u s t  s t a t e  is t h u s  p r e d i c t e d ,  a l l o w i n g  

d e t e r m i n a t i o n  o f  t h e  e x h a u s t  e n t h a l p y  and e x h a u s t  q u a l i t y .  The 

e n t h a l p y  change  and any  h e a t  t r a n s f e r  from t h e  e n g i n e  c o u l d  b e  
combined t o  p r e d i c t  t h e  power e x t r a c t e d  from t h e  e n g i n e .  The 

mass  f l o w  r a t e ,  p r e d i c t e d  from s i m u l a t i o n  of t h e  i n l e t ,  c o u l d  

t h e n  b e  used  t o  p r e d i c t  e f f i c i e n c y .  

The  s i m u a l t i o n  n o d e l  c o u l d  p r e d i c t  improvements  i n  
per formance  r e s u l t i n g  from d e s i g n  c h a n g e s  a f f e c t i n g  t h e  e n g i n e  

p r o c e s s e s  w i t h o u t  f u r t h e r  t e s t i n g .  T h i s  model c o u l d  a lso b e  

a p p l i e d  i m a e d i a t e l y  i n  s imula t ion  of l a r g e r  e n g i n e s ,  p r e d i c t i n g  

t h e  e f f ec t s  of  s c a l e .  

U n f o r t u n a t e l y ,  a simulation model a s  d e s c r i b e d  is beyond t h e  
s c o p e  o f  t h i s  i n v e s t i g a t i o n .  The c o n s t u c t i o n  of  t h i s  model would 

be a v e r y  d i f f i c u l t  and e x t e n s i v e  t a s k .  S i n c e  n o t  a l l  l e a k a g e  i n  
t h e  e n g i n e  i s  choked f low,  c l o s e d  form s o l u t i o n s  for  t h e  s t a t e  i n  

a n y  g i v e n  chamber a r e  n o t  p o s s i b l e .  Another  problem w i t h  t h e  

s i m u l a t i o n  a p p r o a c h  is t h e  d i f f i c u l t y  i n  o b t a i n i n g  i n f o r m a t i o n  

a b o u t  t h e  p h y s i c a l  p r o c e s s e s  and t h e  geometry  i n s i d e  t h e  e n g i n e .  
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I n s t r u n e n t i n g  a l l  t h e  i n t e r n a l  p r o c e s s e s  i s  n o t  p o s s i b l e  a t  t h i s  

t ime. T h i s  l a c k  o f  i n f o r m a t i o n  r e su l t s  i n  many f r ee  p a r a n e t e r s  

i n  t h e  e n g i n e  d e s c r i p t i o n .  F r e e  paraneters a re  t h o s e  which a r e  

u n c e r t a i n  and must  be  a d j u s t e d  t o  f i t  t h e  pe r fo rmance  d a t a .  The 

p r e d i c t i v e  v a l u e  o f  t h e  model is i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  

number o f  f ree  p a r a m e t e r s .  

The model f i n a l l y  chosen  u s e s  a s i m p l e  e m p i r i c a l  "b lack  box" 

approach .  T h i s  t y p e  o f  model ,  l i k e  t h e  d i m e n s i o n a l  model ,  i s  
based on t h e  pe r fo rmance  d a t a  o b t a i n e d .  Knowledge o f  t h e  

p r o c e s s e s  i n v o l v e d  i s  used  o n l y  t o  d e t e r m i n e  t he  form o f  t h e  

r e l a t i o n s h i p s  between t h e  o p e r a t i n g  charac te r i s t ics  and 
pe r fo rmance  p a r a a e t e r s .  The b l a c k  box a p p r a o c h  e x p r e s s e s  each of  

t h e  pe r fo rmance  p a r a n e t e r s  i n  terms of a l l  of t h e  o p e r a t i n g  
c o n d i t i o n s  t h r o u g h  e m p i r i c a l  r e l a t i o n s h i p s .  

The p r e d i c t i v e  a b i l i t y  o f  t h i s  model i n  e x t r a p o l a t i o n  is 
v e r y  l i m i t e d .  The a b i l i t y  o f  t h e  e m p i r i c a l  model t o  p r e d i c t  t h e  

e f f e c t s  o f  s c a l i n g  i s  a l s o  v e r y  poor .  
~ 

T h i s  approach  i s ,  however,  r e l a t i v e l y  easy t o  impleiaent.  
A l s o ,  t h e  r e s u l t i n g  n o d e l  is easy t o  u s e  i n  h y b r i d  systea 

o p t  im i z a t i o n  . 

' Q  i 

\ 
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Engine t e s t i n g  t o  f i l l  t h e  d e s i r e d  d a t a  m a t r i x  produced 104 

d a t a  p o i n t s  h a v i n g  an i n l e t  p r e s s u r e  of 120 p s i a .  The d a t a  were 

r e d u c e d  u s i n g  t h e  computer  c o d e s  d e v e l o p e d  for  t h i s  p r o j e c t .  

T r e n d s  i n  mass  flow r a t e ,  power,  e f f i c i e n c y  and e x h a u s t  q u a l i t y  

were examined. As e x p e c t e d ,  mass flow r a t e  i n c r e a s e d  w i t h  e n g i n e  

speed  and d e c r e a s e d  w i t h  i n c r e a s i n g  e x h a u s t  q u a l i t y .  The flow 

r a t e  d i d  n o t  v a r y  much w i t h  e x h a u s t  p r e s s u r e ,  d r o p p i n g  o f f  o n l y  

s l i g h t l y  a t  h i g h  e x h a u s t  p r e s s u r e s .  Power i n c r e a s e d  w i t h  

p r e s s u r e  r a t i o ,  a p p r o a c h i n g  an a s y m p t o t e  a t  v e r y  h i g h  p r e s s u r e  

r a t i o s .  The power a l s o  i n c r e a s e d  w i t h  s p e e d ,  l e v e l i n g  o f f  

s l i g h t l y  a t  t h e  h i g h e s t  s p e e d .  E f f i c i e n c y  d a t a  r e f l e c t e d  t h e  
combined e f f e c t s  of power and mass flow ra te .  A peak  was 

o b s e r v e d  i n  e f f i c i e n c y  w i t h  v a r y i n g  p r e s s u r e  r a t i o .  The 

e f f i c i e n c y  a l s o  appeared  t o  a p p r o a c h  a peak w i t h  i n c r e a s i n g  

e n g i n e  speed  and d e c r e a s i n g  i n l e t  q u a l i t y .  The e x h a u s t  q u a l i t y  

was most  h e a v i l y  d e p e n d e n t  on  i n l e t  q u a l i t y  and i n d e p e n d e n t  of 
s p e e d .  The v a r i a t i o n  i n  e x h a u s t  q u a l i t y  w i t h  p r e s s u r e  r a t i o  was 

d e p e n d e n t  on t h e  i n l e t  q u a l i t y .  

The t e s t  r e s u l t s  a r e  t a b u l a t e d  i n  T a b l e s  2a-2e. I n c l u d e d  i n  
t h e  l i s t i n g  is  a s p e c i f i c a t i o n  of t h e  o p e r a t i n g  c o n d i t i o n s  f o r  

e a c h  d a t a  p o i n t  and t h e  c a l c u l a t e d  per formance  p a r a x e t e r s .  Also 

l i s t e d  a r e  t h e  run  d a t e ,  run  number, c a l i b r a t i o n  code, barometric 

p r e s s u r e  and comment code.  A l i s t i n g  of t h e  meanings  of  t h e  

comment c o d e s  i s  p r e s e n t e d  i n  T a b l e  3 .  

Mass flow r a t e  for a l l  d a t a  p o i n t s  i s  p l o t t e d  i n  F i g u r e s  
4a-4e. The most  i m p o r t a n t  t r e n d  a p p a r e n t  i n  t h e s e  p l o t s  i s  t h e  
l a c k  of  v a r i a t i o n  i n  mass flow r a t e  w i t h  p r e s s u r e  r a t io .  

Mass f l o w  r a t e  can b e  d i v i d e d  i n t o  two p a r t s ,  t h e  
t h e o r e t i c a l  f l o w  r a t e  and t h e  l e a k a g e  r a t e .  Both of t h e s e  flow 

r a t e s  a r e  d e t e r m i n e d  e n t i r e l y  a t  t h e  i n l e t ,  The t h e o r e t i c a l  flow 

r a t e ,  t h e  flow r a t e  w i t h  no l e a k a g e ,  i s  d e p e n d e n t  e n t i r e l y  on  t h e  

volume of t h e  i n l e t  c h a n b e r  upon c l o s i n g ,  t h e  speed  and t h e  i n l e t  

q u a l i t y .  It  i s  i n d e p e n d e n t  of  e x h a u s t  p r e s s u r e .  The l e a k a g e  
r a t e ,  t h e  d i f f e r e n c e  be twsen  t h e  t o t a l  flow r a t e  and t h e  

\ 
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t h e o r e t i c a l  flow ra t e ,  i s  t h e  amount o f  f l u i d  l e a k i n g  o u t  of t h e  

i n l e t  w h i l e  t h e  i n l e t  i s  open .  S i n c e  t h e  t h e o r e t i c a l  flow ra t e  

i s  e n t i r e l y  i n d e p e n d e n t  o f  exhaus t  p r e s s u r e ,  a n y  v a r i a t i o n  i n  

t o t a l  f low r a t e  w i t h  e x h a u s t  p r e s s u r e  is ref lected i n  t h e  l e a k a g e  

flow r a t e .  

The v a r i a t i o n  i n  l e a k a g e  r a t e  w i t h  e x h a u s t  p r e s s u r e  is t h u s  

minimal .  The t o t a l  flow r a t e  and l e a k a g e  r a t e  are  c o n s t a n t  a t  

h i g h e r  p r e s s u r e  r a t i o s .  There is o n l y  a s l i g h t  d r o p  off a t  lower 

pressure r a t i o s .  

There a re  two l e a k a g e  mechanisms o p e r a t i n g  i n  t h e  e n g i n e .  
One i n v o l v e s  l e a k a g e  from chamber t o  chamber around t h e  e d g e s  of 

t h e  l o b e s ,  o r  t h r o u g h  a b lowho le  which ex i s t s  where t h e  r o t o r  

s e a l  l i n e s  meet a t  t h e  mesh l i n e .  T h i s  b lowho le  fo rms  a z ig-zag  
p a t h  from chanbe r  t o  chamber down t h e  mesh l i n e .  The second 

l e a k a g e  mechanisn  i s  l e a k a g e  from each chamber i n t o  t h e  

e x h a u s t i n g  chambers  t h r o u g h  t h e  m e s h l i n e .  The e n g i n e  geoinetry i s  

s u c h  t h a t  a c r o s s  t h e  mesh l i n e  from each  expand ing  chamber is a 

chamber open t o  the  e x h a u s t  and h a v i n g  a p r e s s u r e  e q u a l  t o  t h e  

e x h a u s t  p r e s s u r e .  S i n c e  t h e  chamber p r e s s u r e s  are o v e r  twice t h e  

e x h a u s t  p r e s s u r e  down much of t h e  mesh l i n e ,  l e a k a g e  t o  t h e  

e x h a u s t  i s  o f t e n  choked flow, and t h u s  i n d e p e n d e n t  of e x h a u s t  
pressure.  

Both l e a k a g e  mechanisms c o u l d  be o p e r a t i n g  i n  t h e  i n l e t  
charnber while it is open. The i n v a r i a n c e  o f  t h e  l e a k a g e  flow 

w i t h  e x h a u s t  p r e s s u r e  a t  h i g h  p r e s s u r e  r a t i o s  s u g g e s t s  t h a t  t h e  

l e a k a g e  o u t  o f  t h e  i n l e t  i s  a l l  choked flow a t  lower e x h a u s t  

p r e s s u r e s .  T h i s  i m p l i e s  t h a t  e i t h e r  t h e  dominant  l e a k a g e  

mechanism i n  t h e  i n l e t  chamber is l e a k a g e  t h r o u g h  t h e  mesh l i n e  

i n t o  t h e  e x h a u s t  o r  t h a t  t h e  p r e s s u r e  d i f f e r e n c e  between t h e  

i n l e t  and t h e  n e x t  chamber is s u f f i c i e n t  t o  r e s u l t  i n  choked 

flow. Tests show t h a t  p r e s s u r e  i n  t h e  chambers located n e a r  t h e  

i n l e t  v a r i e s  w i t h  e x h a u s t  p r e s s u r e ,  i n d i c a t i n g  t h a t  l e a k a g e  from 

chamber t o  chamber is a s i g n i f i c a n t  mechanism. Thus ,  i t  appears  

t h a t  t h e  p r e s s u r e  d i f f e r e n c e  be tween the  i n l e t  and n e x t  chasber 

i s  s u f f i c i e n t  t o  c a u s e  choked f low.  F o r  steam, a p r e s s u r e  r a t i o  
\ 
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o f  a p p r o x i m a t e l y  2/1 i s  r e q u i r e d  f o r  choked f l o w ,  A p r e s s u r e  

r a t i o  o f  2/1 between t h e  first two chambers would be  r e s p o n s i b l e  

f o r  a l a r g e  f r a c t i o n  of t h e  t o r q u e  and power g e n e r a t e d .  

The a v e r a g e  l e a k a g e  flow r a t e  f o r  a g i v e n  speed  and i n l e t  

q u a l i t y  i s  p l o t t e d  v e r s u s  speed  i n  F i g u r e  5 a .  T h e r e  is  a s h a r p  
i n c r e a s e  i n  l e a k a g e  f l o w  r a t e  a s  t h e  q u a l i t y  d e c r e a s e s  t o  z e r o .  

T h i s  can  b e  a t t r i b u t e d  t o  t h e  h i g h e r  d e n s i t y  o f  t h e  l e a k i n g  f l u i d  
a t  low q u a l i t i e s .  Fo r  lower  i n l e t  q u a l i t i e s ,  t h e  l e a k a g e  r a t e  

d e c r e a s e s  a t  h i g h e r  s p e e d s .  T h i s  may be  d u e  t o  t h e  need t o  

a c c e l e r a t e  t h e  l i q u i d  up t o  t h e  s p e e d s  a t  which t h e  chambers  

t r a v e l  down t h e  mesh l i n e  and a t  which t h e  l i q u i d  e v e n t u a l l y  
t r a v e l s  a round t h e  c a s i n g .  C h a r a c t e r i s t i c  v e l o c i t i e s  f o r  t h e  

f l u i d  and l o b e s  are p r e s e n t e d  i n  F i g u r e  6. A t  t h e  i n l e t ,  t h e  

l i q u i d  can  n o t  l e a k  t h r o u g h  t h e  b lowho le  or  around t h e  e d g e s  of 

t h e  r o t o r s  u n t i l  it h a s  been accelerated up t o  t h e  speed  o f  t h e  

r o t o r s .  This t h e o r y  i s  s u p p o r t e d  by  r e s u l t s  f rm e a r l i e r  t e s t s  
showing a s l i g h t  d e c r e a s e  i n  e f f i c i e n c y  when a s m a l l e r  w a t e r  

n o z z l e ,  p roduc ing  h i g h e r  w a t e r  v e l o c i t i e s ,  was used. The e f f ec t  

o f  speed  d e c r e a s e s  t o  n i l  a t  s a t u r a t e d  i n l e t  c o n d i t i o n s .  As t h e  

s team v e l o c i t y  a t  t h e  i n l e t  is a l r e a d y  on t h e  o r d e r  o f  magn i tude  

o f  t h e  r o t o r  v e l o c i t i e s ,  v a p o r  l e a k a g e  i s  i n d e p e n d e n t  o f  e n g i n e  

s p e e d .  

Though t h e  l e a k a g e  r a t e  inc reases  w i t h  d e c r e a s i n g  i n l e t  

q u a l i t y ,  t h e  t h e o r e t i c a l  flow r a t e  a l so  increases w i t h  d e c r e a s i n g  

i n l e t  q u a l i t y .  The l e a k a g e  f r a c t i o n  a c t u a l l y  d e c r e a s e s  w i t h  

d e c r e a s i n g  i n l e t  q u a l i t y  a s  well a s  w i t h  i n c r e a s i n g  speed .  

F i g u r e  5b  i s  a p l o t  of a v e r a g e  l e a k a g e  f r a c t i o n  v e r s u s  i n l e t  

q u a l i t y .  These t r e n d s  w i l l  be i m p o r t a n t  i n  t h e  l a t e r  d i s c u s s i o n  

o f  e f f i c i e n c y  t r e n d s .  

Power versus p r e s s u r e  r a t i o  is p l o t t e d  i n  F i g u r e s  ?a-7d. 
While t h e  power o u t p u t s  for d i f f e r e n t  s p e e d s  f a l l  . i n t o  d i s t i n c t  

g r o u p s ,  there  a p p e a r s  t o  be  no s i g n i f i c a n t  v a r i a t i o n  i n  power 

w i t h  i n l e t  q u a l i t y .  T h i s  i m p l i e s  t h a t  t h e  p r e s s u r e  d i s t r i b u t i o n  

on  t h e  rotors  i n s i d e  t h e  e n g i n e  i s  i n d e p e n d e n t  o f  i n l e t  q u a l i t y .  

The p r e s s u r e  d i s t r i b u t i o n  is d e p e n d e n t  on t h e  o v e r a l l  n a t u r e  of 
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t h e  e x p a n s i o n  process. 

The  Lysholm e n g i n e  e x p a n s i o n  p r o c e s s  c a n  be modeled by t h e  

c o m b i n a t i o n  o f  two processes. The f l u i d  which r e m a i n s  i n s i d e  a 

g i v e n  chamber a s  it expands  down t h e  mesh l i n e  c a n  be considered 

t o  be unde rgo ing  an  i s e n t r o p i c  e x p a n s i o n .  I t  i s  t h i s  p r o c e s s  

which  r e s u l t s  i n  work b e i n g  done  by t h e  f l u i d  on t h e  rotors  and 

t h e  power o u t p u t  from t h e  e n g i n e .  The second p r o c e s s  i s  t h e  

l e a k a g e  r a t e  f r o n  t h e  chambers i n t o  t he  n e i g h b o r i n g  chambers o r  

i n t o  t h e  e x h a u s t .  T h i s  p r o c e s s  can be c o n s i d e r e d  t o  be  a p u r e  
i s e n t h a l p i c  t h r o t t l i n g  p r o c e s s  c o n t r i b u t i n g  n o t h i n g  t o  t h e  power 

o u t p u t  of t h e  e n g i n e .  

The  p r e s s u r e  v a r i a t i o n  d u r i n g  an  i s e n t r o p i c  e x p a n s i o n  can  be 

d e s c r i b e d  by  t h e  p o l y t r o p i c  e q u a t i o n t 8 1 :  
pvn = c o n s t a n t  

For an i d e a l  g a s  unde rgo ing  an  i s e n t r o p i c  p r o c e s s ,  n is t h e  r a t i o  

of  spec i f ic  h e a t s .  For an i s e n t r o p i c  p r o c e s s  on s t eam i n s i d e  t h e  

vapor  dome, t h e  p o l y t r o p i c  exponen t  h a s  no  such i n t r i n s i c  
meaning. T h i s  exponen t  i s ,  however, s t i l l  use fu l1  i n  d e s c r i b i n g  

t h e  e x p a n s i o n  p r o c e s s .  K w i l l  b e  used t o  r e p r e s e n t  t h e  

p o l y t r o p i c  exponent  f o r  a g e n e r a l  i s e n t r o p i c  p r o c e s s .  

It would be h e l p f u l  i n  t h i s  a n a l y s i s  t o  b e  a b l e  to  examine 

t h e  v a l u e  o f  K d u r i n g  an e x p a n s i o n  p r o c e s s  c h a r a c t e r i s t i c  o f  t h e  

Lysholm e n g i n e  f o r  v a r y i n g  i n l e t  q u a l i t i e s .  The steam t a b l e  

s u b r o u t i n e  deve loped  for u s e  i n  da t a  r e d u c t i o n  was used  f o r  t h i s  

purpose. An i s e n t r o p i c  e x p a n s i o n  from 120 p s i a  t o  14.7 p s i a  was 

c o n s i d e r e d  o v e r  a r a n g e  of i n l e t  q u a l i t i e s  from 0 t o  1. The 

value o f  K f o r  t h i s  p r o c e s s  was d e t e r m i n e d  by t h e  e q u a t i o n  

K = l n ( P 1 / P 2 )  / l n ( v 2 / v l )  
S i n c e  K d o e s  vary s l i g h t l y  w i t h  p r e s s u r e ,  t h i s  r e p r e s e n t s  o n l y  a n  

e f f e c t i v e  K for  t h e  whole p r o c e s s .  This is a good a p p r o x i m a t i o n  
t o  t h e  v a l u e  o f  K for a n y  p o i n t  I n  t h e  p r o c e s s .  A p l o t  of 

e f f ec t ive  K v e r s u s  i n l e t  q u a l i t y  is p r e s e n t e d  i n  F i g u r e  8. T h e r e  

is o n l y .  a modest i n c r e a s e  i n  K w i t h  i n l e t  q u a l i t y  for  t h e  r a n g e  

o f  i n l e t  q u a l i t i e s  c o n s i d e r e d  i n  t h e  t e s t s ( 0 . 1 7  - 1.00). T h i s  

i m p l i e s  t h a t  for t h e  same volume change  a p p l i e d  by t h e  chambers  

\ 
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d u r i n g  e x p a n s i o n ,  t h e r e  is a s l i g h t l y  g r e a t e r  p r e s s u r e  d r o p  

d u r i n g  e x p a n s i o n  f o r  h i g h e r  i n l e t  q u a l i t i e s .  

Leakage  would t e n d  t o  decrease t h e  p r e s s u r e  d r o p  d u r i n g  
e x p a n s i o n  by  e q u a l i z i n g  t h e  chamber p r e s s u r e s .  The l e a k a g e  

f r a c t i o n  is  t h e  p e r t i n e n t  pa ramen te r  t o  c o n s i d e r  b e c a u s e  it 

r e p r e s e n t s  t h e  a a o u n t  o f  l e a k a g e  r e l a t i v e  t o  t h e  amount of f l u i d  

i n  a chamber.  The l e a k a g e  f r a c t i o n  and t h u s  t h e  p r e s s u r e  

e q u a l i z a t i o n  is g r e a t e r  f o r  h i g h e r  i n l e t  q u a l i t i e s .  The s m a l l  

v a r i a t i o n s  i n  K and i n  l e a k a g e  a p p e a r  t o  n e g a t e  each other 

p r o d u c i n g  a power o u t p u t  e f f e c t i v e l y  i n d e p e n d e n t  o f  i n l e t  
q u a l i t y .  

Al though power a p p e a r s  t o  be i n d e p e n d e n t  of i n l e t  q u a l i t y ,  

u t i l i z a t i o n  o f  t h e  t o t a l  flow from t h e  we l lhead  is st i l l  
d e s i r a b l e .  Examinat ion  of mass  flow r a t e  d a t a [ T a b l e  21 r e v e a l s  
t h a t  f o r  a g i v e n  s p e e d ,  i n c r e a s i n g  i n l e t  q u a l i t y  d e c r e a s e s  t h e  

required mass f l o w  r a t e  o f  steam. T h u s , . f o r  a g i v e n  speed  and 

pressure r a t i o ,  d e c r e a s i n g  i n l e t  q u a l i t y  r e d u c e s  t h e  amount of 

stearn r e q u i r e d  t o  p roduce  t h e  same amount of power. I n  a d d i t i o n ,  

t h e  e x p a n s i o n  o f  t h e  w a t e r  phase  i n  t h e  e n g i n e  makes more steam 

a v a i l a b l e  f o r  u se  by t h e  second s t a g e  of a h y b r i d  sys t em.  

The power i n c r e a s e  w i t h  speed  is due  t o  t h e  increased mass 
flow r a t e .  T h i s  t r e n d  starts t o  l e v e l  off  b y  9000 RPM w i t h  a 

peak p r o b a b l y  o c c u r r i n g  a t  h i g h e r  s p e e d s .  T h i s  l e v e l i n g  off  is 

d u e  t o  t h e  l o s s e s  a s s o c i a t e d  w i t h  d r a g ,  r e q u i r e d  a c c e l e r a t i o n  of 
t h e  f l u i d  and b e a r i n g  f r i c t i o n .  

The power i n c r e a s e s  w i t h  p r e s s u r e  r a t i o  from a n  o u t p u t  of 

z e r o  a t  some m i m i m u m  p r e s s u r e  r a t i o  r e q u i r e d  t o  t u r n  t h e  e n g i n e  

w i t h  no  l o a d .  The power a p p e a r s  t o  r e a c h  a maximum v a l u e  a t  v e r y  

h i g h  p r e s s u r e  r a t i o s .  T h i s  a s y m p t o t i c  b e h a i v i o r  c a n  be e x p l a i n e d  

by e x m i n i n g  the  e f fec ts  of exhaust p r e s s u r e  on l e a k a g e  and on 

t h e  power r e q u i r e d  t o  expel fluid from t h e  e n g i n e .  

I d e a l  i s e n t r o p i c  e x p a n s i o n  would be  i n d e p e n d e n t  of t h e  back  

The p r e s s u r e  in a chamber j u s t  before it o p e n s  t o  t h e  

When t h i s  

p r e s s u r e .  

e x h a u s t  would n o t  b e  a f f e c t e d  by t h e  e x h a u s t  p r e s s u r e .  

\ 
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l a s t  chamber i s  opened ,  t h e  p r e s s u r e  m u s t  e q u a l i z e  t o  t h e  e x h a u s t  

p r e s s u r e .  High back p r e s s u r e s  r e s u l t  i n  f l u i d  r u s h i n g  back  i n t o  

t h e  e x h a u s t i n g  chamber, c r e a t i n g  a n  adverse p r e s s u r e  d i f f e r e n t i a l  

across t h e  l a s t  s e t  of l o b e s .  T h i s  adverse p r e s s u r e  d i f f e r e n t i a l  

d e c r e a s e s  n e t  t o r q u e  and power. A s  t h e  back  p r e s s u r e  is 
d e c r e a s e d ,  t h e  a d v e r s e  p r e s s u r e  d i f f e r e n t i a l  d e c r e a s e s  r e s u l t i n g  
i n  more n e t  power. A s  e x h a u s t  p r e s s u r e  d e c r e a s e s  below f i n a l  

chaaber p r e s s u r ? ,  a f a v o r a b l e  p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  

e x h a u s t i n g  r o t o r  lobe c o n t i n u e s  t o  i n c r e a s e  power o u t p u t .  When 

l e a k a g e  i s  c o n s i d e r e d ,  the p r e s s u r e s  are e q u a l i z e d  somewhat b u t  

t h e  same g e n e r a l  e f f ec t s  r e s u l t  i n  t h e  o b s e r v e d  i n c r e a s e  i n  power 
w i t h  p r e s s u r e  r a t i o .  

A t  h i g h e r  p r e s s u r e  r a t i o s  t h e  l e a k a g e  t h r o u g h o u t  t h e  e n g i n e  

becomes choked f l o w ,  f r e e z i n g  t h e  p r e s s u r e  d i s t r i b u t i o n  i n s i d e  

t h e  e n g i n e .  F u r t h e r  r e d u c t i o n  of e x h a u s t  p r e s s u r e  c a n  o n l y  

i n c r e a s e  t h e  p r e s s u r e  d i f f e r e n t i a l  across t h e  f i n a l  lobe to  
i n c r e a s e  power. This e f fec t  becomes minimal  a t  h i g h e r  p r e s s u r e  

r a t i o s  a s  t h e  pressure d i f f e r e n c e  i n c r e a s e s  more s l o w l y  for  

i n c r e a s i n g  p r e s s u r e  r a t i o .  The power t h u s  a p p r o a c h e s  an  

asymptote a t  v e r y  h i g h  p r e s s u r e  r a t i o s .  

Engine e f f i c i e n c y  i s  p l o t t e d  v e r s u s  p r e s s u r e  r a t i o  i n  
F i g u r e s  9a-9d. The eff ic iency r e s u l t s  r e f l ec t  t h e  i n d i v i d u a l  

e f f e c t s  o f  t h e  v a r i a t i o n s  i n  flow r a t e  and power. The 
p r o p a g a t i o n  o f  e r r o r s  i n  m e a s u r e n e n t  of power and mass  flow ra t e  
can a l s o  b e  seen i n  t h e  s ca t t e r  of t h e  e f f i c i e n c y  data. For any  

g i v e n  speed  and i n l e t  q u a l i t y ,  t h e  e f f i c i e n c y  i n c r e a s e s  w i t h  

p r e s s u r e  r a t i o  from t h e  minimum p r e s s u r e  r a t i o  r e q u i r e d  t o  t u r n  

t h e  e n g i n e  w i t h  no l o a d .  A t  low s p e e d s  and h i g h  i n l e t  q u a l i t i e s ,  
t h e  r i s i n g  p a r t  of t h e  c u r v e  is  n o t  c o v e r e d  by t h e  da t a  t a k e n .  

It i s  o b v i o u s ,  however,  t h a t  t h e  e f f i c i e n c y  of  a rea l  e n g i n e  must  

a p p r o a c h  z e r o  a s  t h e  p r e s s u r e  r a t i o  goes t o  zero b e c a u s e  of 

f r i c t i o n a l  l o s s e s .  As mass  flow ra te  is r e l a t i v e l y  i n d e p e n d e n t  
of e x h a u s t  p r e s s u r e ,  v a r i a t i o n  of e f f i c i e n c y  w i t h  p r e s s u r e  r a t i o  

r e f l e c t s ' t h e  e f f e c t s  of v a r i a t i o n s  i n  power. The r i s i n g  p a r t  o f  
t h e  e f f i c i e n c y  c u r v e  re f lec ts  t h e  r e d u c t i o n  i n  back  p r e s s u r e  w i t h  

i n c r e a s i n g  p r e s s u r e  r a t i o .  After r e a c h i n g  a peak ,  t h e  e f f i c i e n c y  
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drops  o f f  a t  h i g h e r  p r e s s u r e  r a t io s .  Though t h e  d e c l i n i n g  p a r t  

of t h e  c u r v e  i s  o u t  of t h e  t e s t i n g  r a n g e  for low i n l e t  q u a l i t i e s  

and h i g h  s p e e d s ,  t h e  e f f i c i e n c y  i s  l e v e l i n g  off  even  f o r  t h e s e  

c o n d i t i o n s ,  The d e c r e a s e  i n  e f f i c i e n c y  i s  due  t o  t h e  a s y m p t o t i c  
b e h a i v i o r  of t h e  power a t  h i g h  p r e s s u r e  ra t ios .  The l e v e l i n g  o f f  

of power w i t h  i n c r e a s i n g  p r e s s u r e  r a t i o s  i s  accompanied by a 
c o n t i n u e d  i n c r e a s e  i n  i s e n t r o p i c  e n t h a l p y  d r o p ,  r e s u l t i n g  i n  
d e c r e a s e d  e f f i c i e n c y .  

V a r i a t i o n s  i n  e f f i c i e n c y  w i t h  i n l e t  q u a l i t y  a re  d u e  e n t i r e l y  

t o  v a r i a t i o n s  i n  l e a k a g e  f r a c t i o n  and i s e n t r o p i c  e n t h a l p y  d r o p .  

As t h e  l e a k a g e  f r a c t i o n  d e c r e a s e s  w i t h  d e c r e a s i n g  i n l e t  q u a l i t y ,  

t h e  e f f i c i e n c y  i n c r e a s e s .  T h i s  e f f e c t  seems t o  b e  i n  e f fec t  down 

t o  v e r y  low i n l e t  q u a l i t i e s  where t h e  e f f i c i e n c y  b e g i n s  t o  l e v e l  

o f f .  The r e a s o n  f o r  t h e  l e v e l i n g  o f f  c a n  be e x p l a i n e d  by t h e  

s h a r p l y  i n c r e a s i n g  f l u i d  d e n s i t y  a t  low i n l e t  q u a l i t i e s .  A t  h i g h  

q u a l i t i e s ,  t h e  i n c r e a s e  i n  f l u i d  d e n s i t y  w i t h  d e c r e a s i n g  q u a l i t y  

i s  accompanied by a r o u g h l y  e q u i v a l e n t  d e c r e a s e  i n  i s e n t o p i c  

e n t h a l p y  d r o p [ F i g u r e  l o a ] .  T h i s  resul ts  i n  a r e l a t i v e l y  c o n s t a n t  

amount o f  power a v a i l a b l e  t o  t h e  e n g i n e .  A t  l ow q u a l i t i e s ,  a 
s h a r p  i n c r e a s e  i n  f l u i d  d e n s i t y  and mass flow r a t e  is accompanied 

by o n l y  a modest d e c r e a s e  i n  i s e n t r o p i c  e n t h a l p y  d r o p .  The power 
a v a i l a b l e  pe r  volume o f  f l u i d  a t  t h e  i n l e t  rises s h a r p l y  a t  low 

i n l e t  q u a l i t i e s  w i t h  no c o r r e s p o n d i n g  i n c r e a s e  i n  power 
outputCFigure 10bl. T h i s  resu l t s  i n  d e c r e a s i n g  e f f i c i e n c y  a t  

v e r y  low e x h a u s t  q u a l i t i e s .  

An i n c r e a s e  i n  e f f i c i e n c y  w i t h  e n g i n e  speed  is  o b s e r v e d  a t  

a l l  i n l e t  q u a l i t i e s .  T h i s  can be a t t r i b u t e d  t o  t h e  d e c r e a s e d  
l e a k a g e  f r a c t i o n  a t  h i g h  s p e e d s .  A l e v e l i n g  off  of t h e  

e f f i c i e n c y  a t  s p e e d s  a p p r o a c h i n g  9000 RPH i s  caused  by t h e  

i n c r e a s e d  f r i c t i o n a l  losses and t h e  i n c r e a s e d  power r e q u i r e d  t o  
accelerate t h e  f l u i d  t h r o u g h  t h e  e n g i n e .  

P l o t s  o f  e x h a u s t  q u a l i t y  v e r s u s  p r e s s u r e  r a t i o  are  p r e s e n t e d  

i n  F i g u r e  11. Exhaus t  q u a l i t y  d o e s  n o t  v a r y  much fron t h e  i n l e t  
q u a l i t y  and i s  t h u s  most  d e p e n d e n t  on i n l e t  q u a l i t y .  T h e r e  is 

very l i t t l e  v a r i a t i o n  i n  e x h a u s t  q u a l i t y  w i t h  s p e e d .  The e x h a u s t  
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q u a l i t y  i n c r e a s e s  w i t h  p r e s s u r e  r a t i o  a t  lower i n l e t  q u a l i t i e s  

w h i l e  d e c r e a s i n g  a t  a n  i n l e t  q u a l i t y  of 0.99. These  t r e n d s  

r e f l e c t  t h e  change  i n  q u a l i t y  d u r i n g  a n  i s e n t r o p i c  e x p a n s i o n  as 

s e e n  i n  a T-S d i a g r a n E F i g u r e  121. For low q u a l i t i e s ,  t h e  q u a l i t y  
i n c r e a s e s  d u r i n g  a n  i s e n t r o p i c  e x p a n s i o n .  For h i g h e r  q u a l i t i e s ,  

t h e  same i s e n t o p i c  e x p a n s i o n  resul ts  in a decrease i n  q u a l i t y .  

\ 
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Curve F i t t i n g  

An e m p i r i c a l  e n g i n e  model was c r e a t e d  by a p p l y i n g  

s t a t i s t i c a l  curve f i t t i n g  t e c h n i q u e s  t o  t h e  test  d a t a .  

Methodology was deve loped  for u s i n g  s u c h  t r a d i t i o n a l  curve 
f i t t i n g  methods  t o  o b t a i n  e x p r e s s i o n s  i n  t h r e e  or more v a r i a b l e s .  

The e q u a t i o n  forms c o n s i d e r e d  were l i m i t e d  t o  t r a n s f o r m a t i o n s  of 

t h e  l i n e a r  e q u a t i o n  y = a + bx and t h e  p a r a b o l i c  e q u a t i o n .  

E x p l i c i t  e x p r e s s i o n s  for  power and mass flow ra te  i n  terms of 

p r e s s u r e  r a t i o ,  i n l e t  q u a l i t y  and e n g i n e  speed  a t  an i n l e t  
p r e s s u r e  o f  120 p s i a  were o b t a i n e d .  The model was comple ted  by 

combining  the  p r e d i c t i o n s  f o r  mass f l o w  r a t e  and power w i t h  a 

s team t a b l e  t o  p roduce  p r e d i c t i o n s  for e f f i c i e n c y  and  e x h a u s t  
q u a l i t y  . 

T h e r e  is an e x t r e m e l y  l a r g e  number o f  e q u a t i o n  forms which 
c a n  be  u s e d  t o  f i t  e x p e r i m e n t a l  d a t a .  I n  o r d e r  t o  l i m i t  t h e  time 
i n v o l v e d  i n  t h e  mode l ing  p r o c e s s ,  t h e  t y p e s  o f  e q u a t i o n  

c o n s i d e r e d  f o r  use i n  model ing  were l i m i t e d :  An a t t e m p t  was made 
t o  employ o n l y  t r a n s f o r m a t i o n s  o f  t h e  l i n e a r  e q u a t i o n  y z a + 
bx[13 ,  141. These i n c l u d e :  

t h e  e x p o t e n t i a l  e q u a t i o n ,  
y = aebx 

t h e  l o g a r i t h m i c  e q u a t i o n ,  
y = a + b ln(x) 

t h e  power e q u a t i o n ,  
y = axb  

t h e  h y p e r b o l a  f o r c e d  t h r o u g h  a p o i n t ( x 1 ,  y l ) ,  

y = ( ( x  - x i )  / ( a  + b x ) )  + y1 
and t h e  p a r a b o l i c  e q u a t i o n  f o r c e d  t h r o u g h  a p o i n t ( x 1 ,  yl), 

y = ( y l  - ax11 + ( a  - bx1)x  + bx2 

The r e g r e s s i o n  c o e f f i c i e n t s  for  t h e s e  e q u a t i o n s  were 
d e t e r m i n e d  u s i n g  t h e  method of l ea s t  s q u a r e s .  To r e d u c e  t h e  

c h a n c e  of error and t h e  time i n v o l v e d  i n  t h i s  e x t e n s i v e  t a s k ,  a 
p r o g r a n a b l e  c a l c u l a t o r  was employed. A s t a t i s t i c s  s o f t w a r e  pack 

i n  t h e  form o f  a ROY was used  w i t h  an HP-41C. A p e r i p h e r a l  
p r i n t e r  was used  to  r e c o r d  and check  t h e  d a t a  entr ies .  
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Because of t h e  d e g r a d a t i o n  of t h e  d a t a  m a t r i x  i n  t h e  

v a r i a t i o n  of e x h a u s t  p r e s s u r e ,  p r e s s u r e  r a t i o  had t o  be  t h e  f i rs t  

v a r i a b l e  c o n s i d e r e d  i n  t h e  c u r v e  f i t t i n g  p r o c e s s .  S i n c e  
d i f f e r e n t  v a l u e s  of e x h a u s t  p r e s s u r e  were o b t a i n e d  for each  
combina t ion  of speed  and i n l e t  q u a l i t y ,  t h e r e  are  n o t  s u f f i c i e n t  

g r o u p s  o f  d a t a  w i t h  c o n s i s t e n t  p r e s s u r e  r a t i o  t o  a l l o w  o t h e r  

v a r i a b l e s  t o  b e  c o n s i d e r e d  f i rs t .  

Mass flow r a t e  r e a c h e s  an  a sympto te  a t  h i g h  p r e s s u r e  r a t i o  

f o r  any  combina t ion  of speed  and i n l e t  q u a l i t y .  I n  a d d i t i o n ,  t h e  

mass flow r a t e  h a s  a t h e o r t i c a l  v a l u e  a s s o c i a t e d  w i t h  no  l e a k a g e  

flow a t  a p r e s s u r e  r a t i o  of one .  A h y p e r b o l a  f o r c e d  t h r o u g h  t h i s  

p o i n t  can  t h u s  b e  used t o  d e s c r i b e  t h e  v a r i a t i o n  i n  mass  flow 

r a t e  w i t h  p r e s s u r e  r a t i o .  The i m p o r t a n t  q u a l i t y  o f  t h e  h y p e r b o l a  

i n  t h i s  a p p l i c a t i o n  i s  t h a t  it a p p r o a c h e s  an  a sympto te  i n  y f o r  

l a r g e  v a l u e s  o f  x .  The t r a n s f o r m e d  e q u a t i o n :  

( P R  -1) / ( m  - m t )  = a + b ( P R )  

was used t o  o b t a i n  e q u a t i o n s  of t h e  form: . 

rn = ( ( P R  - 1 )  / ( a+b(PR) )  + m t  
Where: PR i s  t h e  p r e s s u r e  r a t i o  

m i s  t h e  mass flow rate(lbm/sec) 

Here, rnt is t h e  t h e o r e t i c a l  mass  flow r a t e  g i v e n  by 

m t  = ( V i N )  ( v f  + v f g x i )  
Where: Vi i s  t h e  t h e o r e t i c a l  i n t a k e  volume( f t3-min/ rev-sec)  

N i s  t h e  e n g i n e  speed(RPM) 

vf i s  t h e  s p e c i f i c  volume of s a t u r a t e d  l i q u i d ( l 2 0  p s i a )  

vfg is t h e  spec i f ic  volume d i f f e r e n c e  a c r o s s  t h e  

vapor  dome( 120  p s i a )  

x1 i s  t h e  i n l e t  q u a l i t y  

The o the r  term i n  t h e  e q u a t i o n  r e p r e s e n t s  t h e  l e a k a g e  r a t e .  
The l e a k a g e  r a t e  g o e s  t o  zero a s  t h e  p r e s s u r e  r a t i o  decreases t o  

o n e  and r e a c h e s  an  a sympto te  of l / b  a s  t h e  p r e s s u r e  r a t i o  becoines 
I 

l a r g e .  

A t r a n s f o r m a t i o n  i n v o l v i n g  l n ( P R )  i n s t e a d  of PR-1 was 
a t t e m p t e d  because  it appea red  t o  have  more p h y s i c a l  meaning.  
T h i s  approach  d i d  n o t  p roduce  a good c o r r e l a t i o n  and was 
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I 

1 

abandoned 

The c o e f f i c i e n t s  a and b c o u l d  now b e  r e l a t e d  t o  t h e  speed  

and i n l e t  q u a l i t y  by  a d d i t i o n a l  l e v e l s  o f  c u r v e  f i t t i n g .  I n  

g e n e r a l ,  i t  was found t h a t  t h e  q u a l i t y  o f  t h e  c u r v e  f i t  improved 
i f  t h e  v a r i a b l e s  w i t h  which t h e r e  is  t h e  most  v a r i a t i o n  i n  t h e  

d e p e n d e n t  q u a n t i t y  a re  c o n s i d e r e d  f irst .  Once t h e  c o n s t r a i n t  t o  

u s e  p r e s s u r e  r a t i o  f i r s t  had been f o l l o w e d ,  t h i s  c r i t e r i a  was 

u s e d  t o  s e l e c t  t h e  o r d e r  of t h e  fits. S i n c e  t h e  l e a k a g e  f l o w  
r a t e  v a r i e s  more w i t h  q u a l i t y  t h a n  w i t h  s p e e d ,  t h e  c o e f f i c i e n t s  a 

and b were n e x t  r e l a t e d  t o  t h e  i n l e t  q u a l i t y  f o r  a g i v e n  speed .  

Tne c o e f f i c i e n t  b was found t o  v a r y  l i n e a r l y  w i t h  i n l e t  

q u a l i t y :  
b = ab + bbxl 

T h i s  i s  i n  agreement  w i t h  t h e  t h e o r y  t h a t  t h e  l e a k a g e  r a t e  v a r i e s  

w i t h  t h e  d e n s i t y  o f  t h e  l e a k i n g  f l u i d .  The r e c i p r o c a l  o f  t h e  

l e a k a g e  f low a s y n p t o t e  ( l / b )  v a r i e s  l i n e a r l y  w i t h  t h e  i n l e t  

q u a l i t y  w h i l e  t h e  s p e c i f i c  volume o r  r e c i p r o c a l  of i n l e t  d e n s i t y  

a l s o  v a r i e s  l i n e a r l y  w i t h  i n l e t  q u a l i t y .  The c o e f f i c i e n t  a also 

v a r i e s  l i n e a r l y  w i t h  i n l e t  q u a l i t y :  
a = aa  +- baX1 

Power a l s o  a p p e a r s  t o  r e a c h  an  a s y n p t o t e  w i t h  i n c r e a s i n g  

p r e s s u r e  r a t i o .  I n  a d d i t i o n ,  power m u s t  p a s s  t h r o u g h  z e r o  a t  
some minimum p r e s s u r e  r a t i o  r e q u i r e d  t o  t u r n  t h e  e n g i n e  w i t h  no  

load .  A h y p e r b o l i c  e q u a t i o n  f o r c e d  t h r o u g h  t h i s  p o i n t  c o u l d  t h e n  

b e  used  t o  d e s c r i b e  t h e  v a r i a t i o n  i n  power w i t h  p r e s s u r e  r a t i o .  

The p o i n t  where t h e  curve c r o s s e s  t h e  p r e s s u r e  r a t i o  a x i s  was 

o r i g i n a l l y  e s t i m a t e d  u s i n g  t h e  x i n t e r c e p t s  o b t a i n e d  f r o n  an 

a t t e m p t  t o  f i t  t h e  power d a t a  t o  a l o g a r i t k n i c  e q u a t i o n .  The 
l o g a r i t h a i c  e q u a t i o n  d i d  not  level  o f f  f a s t  enough i n  p r e s s u r e  

\ 



~~ .- .. . . - ....... ... . .. . . .. .. .~ .. .. _ .  . - .  . . 

CURVE FITTING 42 

r a t i o  and was rejected.  The x - i n t e r c e p t s  were l a t e r  a d j u s t e d  t o  

improve  t h e  f i t .  The power v a r i a t i o n  w i t h  p r e s s u r e  r a t i o  was 

t h u s  descr ibed by e q u a t i o n s  o f  t h e  form: 

Power = (PR - PR1) / ( a  + b ( P R ) )  

Where: PR1 i s  t h e  minimum p r e s s u r e  r a t i o  r e q u i r e d  
t o  t u r n  t h e  e n g i n e  a t  a g i v e n  speed  

S i n c e  t h e r e  a p p e a r s  t o  be no s i g n i f i c a n t  v a r i a t i o n  of power 

w i t h  i n l e t  q u a l i t y ,  o n l y  one  more s t e p  was r e q u i r e d  i n  t h e  c u r v e  

f i t t i n g  p r o c e s s  f o r  power. The c o e f f i c i e n t s  a ,  b and PR1 were  
r e l a t e d  t o  t h e  speed  by t h e  e q u a t i o n s :  

a = aa  + baN 

b = ab + bbN + cbN2 

PR1 = exp(bcN) 

The  p a r a b o l i c  v a r i a t i o n  i n  b w i t h  speed  c o n f i r m s  t h a t  t h e  

power r e a c h e s  a peak a s  t h e  speed  i n c r e a s e s .  The r e c i p r o c a l  o f  

a s y m p t o t i c  p o w e r ( l / b )  bo t toms  o u t  a t  t h e  peak i n  power w i t h  

s p e e d .  < 

The c o r r e l a t i o n  o f  t h e  f i n a l  v e r s i o n  of t h e  model was 

s u b s t a n t i a l l y  improved by a s u b t l e  v a r i a t i o n  on t h e  t e c h n i q u e  

d e s c r i b e d .  After c o e f f i c i e n t s  a s s o c i a t e d  w i t h  t h e  f i r s t  level o f  

curve f i t t i n g  were o b t a i n e d ,  t h e  c o e f f i c i e n t  a was r e l a t e d  t o  t h e  

o t h e r  v a r i a b l e s  a s  u s u a l .  Now, however ,  v a l u e s  o f  a were 
generated by t h e  c u r v e  f i t  for a g i v e n  speed  and i n l e t  q u a l i t y .  

The o r i g i n a l  d a t a  were t h e n  used  t o  force new c u r v e s  t h r o u g h  

these v a l u e s  o f  a ,  o b t a i n i n g  new v a l u e s  o f  t h e  c o e f f i c i e n t  b .  

E x p r e s s i o n s  f o r  b i n  terms of t h e  o t h e r  v a r i a b l e s  were t h e n  

o b t a i n e d  a s  b e f o r e .  T h i s  method c o u l d  be used a t  a l l  b u t  t h e  

l a s t  l e v e l  of  t h e  curve f i t .  

The f o r c i n g  t e c h n i q u e  r educed  t h e  effect  of e r r a n t  s e t s  of 
coef f ic ien ts ,  a and b, h a v i n g  s e l f - n e g a t i n g  b u t  s i g n i f i c a n t  

v a r i a t i o n s  f r o a  t h e  rest of t h e  c o e f f i c i e n t s .  These se ts  o f  
c o e e f i c i e n t s  may have  best  f i t  t h e  p a r t i c u l a r  s e t  of d a t a  b u t  

wreaked havoc on s u b s e q u e n t  c u r v e  f i ts .  V a l u e s  for  t h e  

c o e f f i c i e n t s  used i n  t h e  f i n a l  v e r s i o n  o f  t h e  model can  be found 

i n  T a b l e  4 .  
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A t t e n p t s  were made t o  o b t a i n  an e x p l i c i t  r e l a t i o n s h i p  f o r  

e f f i c i e n c y  i n  terms of p r e s s u r e  r a t i o ,  i n l e t  q u a l i t y  and speed .  

S i n c e  e f f i c i e n c y  peaked w i t h  p r e s s u r e  r a t i o ,  a polynomia l  of a t  

l e a s t  second order would be  r e q u i r e d .  P a r a b o l i c  and c u b i c  
e q u a t i o n s  were t r i ed  w i t h  l i t t l e  s u c c e s s .  Higher  order e q u a t i o n s  

produced good f i t s  for a g i v e n  se t  o f  d a t a  b u t  went w i l d  o u t s i d e  

t h e  limits of t h e  d a t a  and r e s u l t e d  i n  poor c o r r e l a t i o n s  a t  t h e  

n e x t  l e v e l s  of  t h e  c u r v e  f i t .  A s a t i s f a c t o r y  model fo r  

e f f i c i e n c y  was f i n a l l y  o b t a i n e d  by combining  t h e  p r e d i c t i o n s  f o r  

mass  flow r a t e  and power w i t h  a s t e a n  t ab le .  

Exhaust  q u a l i t y  was e a s y  t o  model d i r e c t l y .  However, i t  is 

p o s s i b l e  t o  model t h e  e x h a u s t  q u a l i t y  u s i n g  t h e  same a p p r o a c h  a s  

w i t h  e f f i c i e n c y .  T h i s  a p p r o a c h  was t a k e n  t o  r e d u c e  t h e  

c o m p l e x i t y  o f  t h e  model.  

The e n g i n e  model was c o n v e r t e d  i n t o  t h e  form of a For t ran- IV 
s u b r o u t i n e .  T h i s  s u b r o u t i n e  must be  l i n k e d  wi th  t h e  steam t a b l e  

deve loped  f o r  u s e  i n  d a t a  r e d u c t i o n .  C o e f f i c i e n t s  f o r  t h e  model 

a r e  s tored a s  b l o c k  d a t a .  The i n p u t  v a r i a b l e s  f o r  t h e  model a s  

well  a s  t h e  pred ic ted  per formance  p a r a n e t e r s  a r e  passed  t o  and 

from t h e  s u b r o u t i n e  a s  a rguments .  A l i s t i n g  of t h e  s u b r o u t i n e  i s  

p r e s e n t e d  i n  t h e  Appendix.  

This s u b r o u t i n e  was used t o  p r e d i c t  e n g i n e  per formance  o v e r  
a r a n g e  of p r e s s u r e  r a t i o s  and for s p e e d s  and i n l e t  q u a l i t i e s  

c o r r e s p o n d i n g  t o  t h e  t a r g e t  v a l u e s  used i n  e n g i n e  t e s t i n g .  These 

p r e d i c t i o n s  were graphed  for  compar ison  w i t h  da t a  p o i n t s  u s i n g  an 

X-Y p l o t t e r ,  d r i v e n  b y  t h e  GDA p l o t t i n g  r o u t i n e .  The p l o t t e r  was 
i rnplenented by t h e  PDP-11/60 minicomputer  used for  d a t a  

r e d u c t i o n .  These p l o t s  a re  p r e s e n t e d  a s  F i g u r e s  13-16. 

\ 
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The Lysholm e n g i n e  model was v a l i d a t e d  b y .  p r e d i c t i n g  

per formance  under  new o p e r a t i n g  c o n d i t i o n s  and t e s t i n g  the  e n g i n e  

u n d e r  these  c o n d i t i o n s .  The o p e r a t i n g  c o n d i t i o n s  s e l e c t e d  for  

p r e d i c t i o n  and t e s t i n g  i n c l u d e d  v a r i e d  and u n t e s t e d  i n l e t  

q u a l i t i e s  and s p e e d s ,  w i t h  b o t h  s u b a t n o s p h e r i c  and above  

a t m o s p h e r i c  e x h a u s t  p r e s s u r e s .  As a p a r t  of t h e  v a l i d a t i o n ,  t h e  

model was used t o  p r e d i c t  t h e  o p e r a t i n g  c o n d i t i o n s  fo r  maximum 

e f f i c i e n c y .  The e n g i n e  was t h e n  t e s t e d  u n d e r  t h e s e  c o n d i t i o n s .  

The model performed a d e q u a t e l y ,  p r e d i c t i n g  per formance  w i t h  

e x p e c t e d  a c c u r a c y .  Mass flow r a t e ,  power and e x h a u s t  q u a l i t y  

were a l l  p r e d i c t e d  v e r y  well  by t h e  model. The e f f i c i e n c y  

p r e d i c t i o n s  i n c l u d e d  t h e  combined errors i n  p r e d i c t i o n  of mass 

flow r a t e  and power. E f f i c i e n c y  p r e d i c t i o n s  were somewhat 
d i s a p p o i n t i n g ,  b u t  n o t  c r i t i c a l  t o  t h e  major i n t e n d e d  u s e  o f  t h e  

model i n  h y b r i d  sys tem o p t i m i z a t i o n .  

The f i r s t  d a y  o f  model v a l i d a t i o n  i n v o l v e d  o p e r a t i n g  p o i n t s  

h a v i n g  an i n l e t  q u a l i t y  of 0.20. The model was used t o  p r e d i c t  

t h e  p r e s s u r e  r a t i o  for  maximum e f f i c i e n c y  a t  t h i s  i n l e t  q u a l i t y  

and s p e e d s  of 7503 and 9000 RPH.  P r e d i c t i o n s  were a l s o  made fo r  

a n  i n l e t  q u a l i t y  of 0.20, a p r e s s u r e  r a t i o  of 6.0 and s p e e d s  of  

4503, 6033 and 7500 RPM. The e n g i n e  was t e s t e d  u n d e r  t h e s e  
conditions. 

The first  d a y  of  v a l i d a t i o n  a l so  i n c l u d e d  r u n s  under  
c o n d i t i o n s  p r e d i c t e d  t o  h a v e  t h e  maximum e n g i n e  e f f i c i e n c y .  The 

e n g i n e  model was einployed by a s e a r c h i n g  r o u t i n e  t o  f i n d  t h e  

c o n d i t i o n s  r e s u l t i n g  i n  t h e  maximum e f f i c i e n c y .  T h i s  r o u t i n e  is 

l i s t e d  i n  t h e  Appendix.  O p e r a t i n g  c o n d i t i o n s  for a maximum 

e f f i c i e n c y  of 43.3% were p r e d i c t e d  t o  be:  
INLET QUALITY = 0.24 

SPEED = 8400 RPH 

PRESSURE RATIO = 6.0 

T h e  e n g i n e  was tes ted under  these c o n d i t i o n s .  

The second d a y  of t e s t i n g  i n c l u d e d  o p e r a t i n g  c o n d i t i o n s  
c h o s e n  t o  t h o r o u g h l y  exercise t h e  model by  c o v e r i n g  a r a n g e  of  
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q u a l i t i e s ,  s p e e d s  and p r e s s u r e  r a t i o s .  Inlet  q u a l i t i e s  r a n g i n g  

from 0.18 t o  0.99 were i n c l u d e d  w i t h  s p e e d s  of from 5000 t o  9009 

RPM and e x h a u s t  p r e s s u r e s  of from 12 t o  23 p s i a . ’  The mode l s  

i n t e r p o l a t i v e  a b i l i t y  was tested by c h o o s i n g  o p e r a t i n g  c o n d i t i o n s  

be tween d a t a  m a t r i x  c o n d i t i o n s .  For some p o i n t s ,  a l l  three 

o p e r a t i n g  c o n d i t i o n s  were off m a t r i x .  U n f o r t u n a t e l y ,  t h e  

e x t r a p o l a t i v e  a b i l i t i e s  o f  t h e  model c o u l d  n o t  be e a s i l y  t es ted .  

I n l e t  q u a l i t i e s  of much less  t h a n  0.17 a re  d i f f i c u l t  t o  u s e  
b e c a u s e  o f  l i m i t a t i o n s  on  t h e  t o t a l  flow r a t e  imposed by t h e  

c o n d e n s a t e  pump. The  f u l l  r a n g e  o f  a t t a i n a b l e  p r e s s u r e  r a t i o s  

h a s  a l r e a d y  been cove red  by t h e  d a t a  matrix. Only e n g i n e  speed  
c a n  be i n c r e a s e d  o u t s i d e  t h e  d a t a  m a t r i x  r a n g e .  T e s t i n g  a t  

h i g h e r  s p e e d s  was n o t  per formed a t  t h i s  time t o  a v o i d  e n d a n g e r i n g  

t h e  e n g i n e .  

Data a c c e p t a n c e  c r i t e r i a  used f o r  v a l i d a t i o n  t e s t i n g  were 
t h e  same a s  t h o s e  used f o r  t h e  d a t a  matrix. A c t u a l l y ,  o n l y  t h e  

i n l e t  pressure was r e a l l y  c r i t i c a l  i n  v a l i d a t i o n  a s  t h e  model was 

based  on a s i n g l e  i n l e t  p r e s s u r e  of  120 p s i a .  

The r e s u l t s  of t h e  model v a l i d a t i o n  a r e  p r e s e n t e d  i n  Table  

5. The model performed v e r y  well i n  p r e d i c t i n g  t h e  pe r fo rmance  

of t h e  Lysholm e n g i n e .  Some p a r a m e t e r s  were p r e d i c t e d  w i t h  

be t te r  a c c u r a c y  t h a n  o t h e r s .  The p r e d i c t i o n s  f o r  e x h a u s t  q u a l i t y  

were exce l len t .  Measured e x h a u s t  q u a l i t i e s  were a l l  w i t h i n  0 .4% 

of t h e  p r e d i c t e d  v a l u e s .  P r e d i c t i o n s  for  mass  flow ra t e  were 
a l s o  q u i t e  good. Measured mass flow r a t e s  were a l l  w i t h i n  2.7% 

of t h e  p r e d i c t e d  v a l u e s .  The mean of t h e  p e r c e n t a g e  errors i n  

p r e d i c t i o n  of mass  f l o w  r a t e  was 0.4% w i t h  a s t a n d a r d  d e v i a t i o n  

o f  1.62. 

P r e d i c t i o n s  of power were g e n e r a l l y  good w i t h  t h e  e x c e p t i o n  

o f  two p o i n t s  h a v i n g  an  i n l e t  q u a l i t y  of 99%. The power 

p r e d i c t i o n s  f o r  these two d a t a  p o i n t s  were 2kW h i g h e r  t han  t h e  

measured v a l u e s .  A l l  o t h e r  p r e d i c t i o n s  of power were w i t h i n  

l.1kW and 3 . 3 %  of  t h e  tested pe r fo rmance .  The mean and s t a n d a r d  
d e v i a t i o n  of  t h e  e r r o r s  a r e  0.8% and 2.8%, r e s p e c t i v e l y .  When 

t h e  p o i n t s  h a v i n g  an i n l e t  q u a l i t y  o f  0.99 a r e  n o t  c o n s i d e r e d ,  



MODEL V A L 1  DATION 46 

t h e  mean and s t a n d a r d  d e v i a t i o n  are  0.01% and 2.0%. r e s p e c t i v e l y .  

The l a r g e  e r r o r s  i n  p r e d i c t i o n  of  power a t  i n l e t  q u a l i t i e s  of 99% 
may i n d i c a t e  t h a t  power is  n o t  a b s o l u t e l y  i n d e p e n d e n t  of i n l e t  

q u a l i t y  a s  assumed by t h e  model.  

P r e d i c t i o n s  of e f f i c i e n c y  s u f f e r e d  from t h e  c o m b i n a t i o n  of 

e r rors  i n  p r e d i c t i o n  of power and mass flow ra te .  Some 
p r e d i c t i o n s  fo r  e f f i c i e n c y  d i f f e r e d  fron t h e  measured v a l u e s  by 

a s  much a s  2.1% a b s o l u t e  and 5.2s of t h e  t e s t e d  v a l u e .  I n  

g e n e r a l ,  t h e  e f f i c i e n c y  p r e d i c t i o n s  were m e d i o c r e  w i t h  a mean and 

s t a n d a r d  d e v i a t i o n  of errors e x p e s s e d  a s  p e r c e n t a g e  of t e s t e d  
v a l u e  of  0.8% and 2.9X, r e s p e c t i v e l y .  

The  main u s e  of t h e  model w i l l  b e  i n  t h e  o p t i m i z a t i o n  a f  t h e  

h y b r i d  system. T h i s  o p t i m i z a t i o n  o n l y  r e q u i r e s  p r e d i c t i o n  of  t h e  

mass flow r a t e ,  e x h a u s t  q u a l i t y  and power. The e f f i c i e n c y  of  t h e  

Lysholm e n g i n e  a l o n e  is n o t  r e q u i r e d .  The l a c k  of a c c u r a c y  i n  

e f f i c i e n c y  p r e d i c t i o n  is t h u s  n o t  c r i t i c a l  and s h o u l d  n o t  hamper 
t h e  a p p l i c a t i o n  of t h e  model.  

The a t t e m p t  t o  l o c a t e  t h e  e f f i c i e n c y  p e a k  u s i n g  t h e  model 

was o n l y  p a r t i a l l y  s u c c e s s f u l .  T e s t i n g  of t h e  e n g i n e  a t  t h e  

p r e d i c t e d  peak c o n d i t i o n s  showed an e f f i c i e n c y  of  o v e r  42.1%. 

T h i s  i s  somewhat lower t h a n  t h e  43.3% p r e d i c t e d .  O t h e r  o p e r a t i n g  

conditions in t h e  same r e g i o n ,  tes ted  during the model v a l i d a t i o n  

and d u r i n g  t h e  c o m p l e t i o n  of t h e  d a t a  m a t r i x ,  p roduced  
e f f i c i e n c i e s  of o v e r  43%. These  v a r i a t i o n s  a re  w i t h i n  t h e  r a n g e  

o f  obseved e x p e r i m e n t a l  error and r e p e a t a b i l i t y .  F o r  a n  a n a l y s i s  
o f  t h e  e x p e r i m e n t a l  errors,  refer to  t h e  Appendix. 

The c o m b i n a t i o n  of t h e  f l a t n e s s  of t h e  e f f i c i e n c y  peak  and 
t h e  e x p e r i m e n t a l  error make it v e r y  d i f f i c u l t  t o  l o c a t e  t h e  e x a c t  

optimum o p e r a t i n g  p o i n t .  The model a p p e a r s  t o  b e  a b l e  t o  loca te  
o n l y  t h e  r e g i o n  of h i g h e s t  e f f i c i e n c y .  Because of t h e  f l a tnes s  

and b r o a d n e s s  of t h e  p e a k ,  t h i s  is  a l l  t h a t  i s  r e q u i r e d  of or c a n  

b e  e x p e c t e d  f r a n  t h e  model.  

\ 
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The e m p i r i c a l  Lysholm e n g i n e  n o d e l  d e s c r i b e d  i n  t h i s  r e p o r t  

i s  a d e q u a t e  fo r  u s e  i n  model ing  of h y b r i d  g e o t h e r m a l  e n e r g y  

c o n v e r s i o n  systems. T e s t  resul ts  o b t a i n e d  for  t h e  c o n s t r u c t i o n  

of t h e  model i n d i c a t e  t h a t  t h e  e n g i n e  h a s  promise  f o r  g e o t h e r m a l  

a p p l i c a t i o n .  The m a j o r  l o s s  mechanism, f l u i d  l e a k a g e ,  h a s  been 

a n a l y z e d  and q u a n t i t a t i v e l y  e v a l u a t e d .  F u r t h e r  i n v e s t i g a t i o n ,  

i n c l u d i n g  t h e  deve lopment  of more s o p h i s t i c a t e d  models  c o u l d  
p r e d i c t  t h e  e f f e c t i v e n e s s  of d e s i g n  c h a n g e s  i n  a r r e s t i n g  l e a k a g e .  

S i g n i f i c a n t  improvements  i n  e n g i n e  e f f i c i e n c y  s h o u l d  be possible 

w i t h  s u c h  improvements  i n  d e s i g n  and w i t h  s c a l i n g - u p  of t h e  

e n g i n e .  

Modeling of h y b r i d  s y s t e m s  i n c l u d i n g  t h e  Lysholm e n g i n e  
r e q u i r e s  p r e d i c t i o n  of e n g i n e  power, mass flow r a t e  and e x h a u s t  

q u a l i t y  f o r  a g i v e n  p r e s s u r e  r a t i o ,  i n l e t  q u a l i t y ,  s p e e d  and 

i n l e t  p r e s s u r e .  These  i m p o r t a n t  p a r a r n e t e r s  a re  p r e d i c t e d  
a c c u r a t e l y  f o r  an i n l e t  p r e s s u r e  of 120 p s i a  by  an e n g i n e  model 

d e r i v e d  froin c u r r e n t  t e s t  d a t a .  The model i s  c u r r e n t l y  

i m p l e q e n t e d  i n  t h e  form of a FORTRAN-IV s u b r o u t i n e .  T h i s  

s u b r o u t i n e  can b e  l i n k e d  t o  models of  a s e p a r a t o r  and t u r b i n e s  t o  
form a computer  model of t h e  h y b r i d  sys tem c u r r e n t l y  u n d e r  t e s t  

a t  U . C .  B e r k e l e y .  

The models f o r  mass f low r a t e  and power a r e  e x p l i c i t  

e q u a t i o n s  i n  terms of t h e  e n g i n e  o p e r a t i n g  c o n d i t i o n s .  Though 

t h e  e x h a u s t  q u a l i t y  is c u r r e n t l y  d e r i v e d  from t h e  mass flow r a t e ,  
power and t a b u l a t e d  stearn d a t a ;  a similar  e x p l i c i t  e x p r e s s i o n  for 
e x h a u s t  q u a l i t y  i s  e a s i l y  o b t a i n a b l e .  These  e x p l i c i t  e q u a t i o n s  
c o u l d  be used to  form a n  a n a l y t i c a l  sys tem model a s  a n  

a l t e r n a t i v e  t o  t h e  c o a p u t e r  s i m u l a t i o n .  

The Lysholm e n g i n e  model can p r e d i c t  e f f i c i e n c y  w i t h  o n l y  

rnodest a c c u r a c y .  The model was o n l y  a b l e  t o  locate  t h e  g e n e r a l  
r a n g e  o f  o p e r a t i n g  c o n d i t i o n s  for maximum e f f i c i e n c y .  I s e n t r o p i c  

e f f i c i e h c i e s  of o v e r  43% were o b s e r v e d  i n  t h i s  r e g i o n .  The b r o a d  
peak  i n  e f f i c i e n c y  r e p r e s e n t s  an optimum p r e s s u r e  r a t i o  and a 

t r a d e - o f f  between t h e  minimization of  l e a k a g e  f r a c t i o n  a t  h i g h  

\ 
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s p e e d s  and low i n l e t  q u a l i t i e s ,  s h a r p l y  i n c r e a s i n g  f l u i d  and 

power d e n s i t i e s  a t  low i n l e t  q u a l i t i e s  and i n c r e a s e d  minor  losses  

s u c h  a s  f r i c t i o n  and d r a g  a s s o c i a t e d  w i t h  h i g h  s p e e d s ;  

S i n c e  l e a k a g e  f r a c t i o n s  on  t h e  o r d e r  of 50% a r e  obse rved  

unde r  t y p i c a l  o p e r a t i n g  c o n d i t i o n s ,  t h e  most p r o d u c t i v e  r o u t e  for  

i n c r e a s i n g  e n g i n e  pe r fo rmance  i n v o l v e s  d e s i g n  c h a n g e s  t o  r e d u c e  

l e a k a g e .  Reducing t h e  ro tor  t i p  c l e a r a n c e s  o r  s i m p l y  s c a l i n g  up 

t h e  e n g i n e  t o  r e d u c e  r e l a t i v e  l e a k a g e  area are two promis ing  
a p p r o a c h e s .  F u r t h e r  i n v e s t i g a t i o n  i n t o  t h e  n a t u r e  of  t h e  l e a k a g e  

f lows i s  needed  t o  d e t e r m i n e  t h e  most  p r o d u c t i v e  d e s i g n  changes .  

More s o p h i s t i c a t e d  mode l s  c a n  q u a n t i t a t i v e l y  p r e d i c t  
i n c r e a s e s  i n  pe r fo rmance  i n v o l v e d  w i t h  d e s i g n  changes .  

T r a d i t i o n a l  models  based  on s i m i l a r i t y  l a w s  c a n  i m m e d i a t e l y  

e x t e n d  p r e d i c t i o n  t o  g e o m e t r i c l y  s i m i l a r  e n g i n e s .  The 
a p p l i c a t i o n  of  s u c h  t r a d i t i o n a l  mode l s  i n v o l v i n g  d i m e n s i o n l e s s  
p a r a m e t e r s  is more d i f f i c u l t  f o r  p o s i t i v e  d i s p l a c e m e n t  mach ines  

s u c h  a s  t h e  Lysholm eng ine .  The need t o  d e f i n e  t h e  s t a t e  of t h e  

working  f l u i d  t h r o u g h o u t  t h e  e n g i n e  i n c r e a s e s  t h e  number of 
d i m e n s i o n l e s s  p a r a m e t e r s  r e q u i r e d .  T e s t i n g  of o t h e r  e n g i n e s  may 

b e  n e c e s s a r y  t o  ex tend  t h e  p r e d i c t i v e  a b i l i t y  of d i m e n s i o n l e s s  

models t o  sca l ed -up  e n g i n e s  o r  t o  e n g i n e s  w i t h  d e s i g n  changes .  

A s i m u l a t i o n  m d e l  h a s  t h e  p o t e n t i a l  t o  immedia t e ly  p r e d i c t  
t h e  e f f ec t s  o f  d e s i g n  c h a n g e s  and s c a l i n g  up  of t h e  e n g i n e .  New 

e n g i n e  d e s i g n s  c o u l d  b e  tested c h e a p l y  and q u i c k l y  u s i n g  a 

s i m u l a t i o n  aodel .  Such a model c o u l d  s i g n i f i c a n t l y  s h o r t e n  t h e  

time r e q u i r e d  t o  d e v e l o p  p r a c t i c a l  Lysholm e x p a n d e r s  f o r  

geo the rma l  a p p l i c a t i o n .  Because of t h i s  l a rge  poten t ia l  p a y o f f ,  
t h e  deve lopment  of a s i m u l a t i o n  model s h o u l d  b e  pu r sued  

c o n c u r r e n t l y  w i t h  e f f o r t s  a t  t r a d i t i o n a l  mode l ing  i n v o l v i n g  

s i m i l a r i t y  laws .  
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TABLE 2e - LYSHOLM E N G I N E  TEST RESULTS 

RUNI  L I N E  COflfltNT INLET E X H  F'kLSS W E E D  FLOW INI..E.'I ELFF F'OWtK F'LUW SPEC SPEC LkAK 1NLtT  EX17 
PHLSS F'HtGS HA'f lLI  K A T t  EN I H L  R A . I I L )  SF'kEU SILE. KATE ClUAL QUAL 

415 Y / l I j / B l  

457. 11/16/81 

456 11/16/81 

480 121 4/81 

414 Y/18/81 

458 11/16/&1 

429 Y/22/81 

481 121 4/81 

376 8/31/81 

459 11/16/81 

427 9/22/81 

5019 Y/ 4/81 

383 Y/ 2/81 

460 11/16/81 

428 Y/22/8l 

SO20 Y/  4/81 

CP81AI 

1 4  118.0 15.3 

1 l l Y . 6  20.1 

1 l l Y . 6  24,s 

1 l l Y 1 6  3014 

14 119.6 13.1 

1 l l Y . 6  2016 

1 l l Y . 6  24.2 

1 11916 2Y i8  

1 115'16 16.Y 

1 l l Y e 6  20.4 

1 l l Y . 6  24.7 

1 l l Y . 6  2816 

1 l l Y . 6  17.5 

1 121.2 20.8 

1 l l Y 1 6  25.1 

1 120.1 31.4 

7.72 

S r Y 4  

4.88 

3.Y4 

7.Y0 

5 .75  

41Y4 

4.01 

7.0Y 

5.86 

4185 

4.17 

6.82 

S.83 

4.76 

3.82 

C K F f l I  

4478. 

4502. 

4513. 

4?~06 

6018. 

6028 e 

6024 1 

5Y8S. 

3S32. 

7462 1 

7460 

7504 

6Y771 

8Y68. 

8Y8S 1 

8Y81* 

LLBH/ 
s t L j  

1.330 

1.301 

112Y3 

1 e 279 

1 1 505 

1 464 

1 e 457 

1.440 

1 1606 

1 630 

1.601 

1 .SY6 

1.758 

1 765 

1.770 

11742 

c "1 U/ 
SECJ 

S:31+4 

s31.4 

S31.6 

531 .Y 

S2Y 1 3 

531 e4 

532 1 2 

S31.2 

Y33.3 

S30 1 0 

s31.3 

S 3 l r 7  

531 1 7 

532.2 

52Y.6 

Si32 I8 

I 

CKWI 

3 b . 2  22.7 

3692 1Y.8 

35.7 17.2 

37.4 1514 

3H.Y 2H.4 

4012 24.2 

41.3 2216 

40.0 18.7 

3Y.7 2Y17 

4215 2 8 r b  

4114 24.6 

3813 20.4 

4112 32.Y 

42,s 31.2 

3Y.7 25.6 

3416 l Y * 0  

3.01 

3.00 

3 .06  

2.YY 

3.05 

3.00 

2.YY 

3100 

2.99 

3102 

3100 

2*YY 

5.02 

2.Y8 

3.01 

21Y7 

5.66 

5.46 

5.41 

5.38 

810Y 

7.73 

7166 

7158 

10.27 

10.13 

Y.YS 

9 1 Y Y  

1217Y 

12.5s 

12.62 

12150 

LLBfl/  
5tc3 

1 7 Y  0. I 1  1 

2.00 01668 

2113 0.659 

2.32 01647 

1.68 0.650 

l a y 1  0.617 

2102 0.613 

2118 0.SY8 

1.6Y 0.556 

1180 0.574 

l e y 4  01532 

2104 0.342 

1.64 014Y8 

1.74 01488 

1185 014Y7 

2101 0.480 

0 .250  0,344 

0124Y 0.334 

0 . 2 5 0  0.327 

0.290 0.319 

0.247 0.340 

0.290 0.331 

0.250 0.326 

0.24Y 0,318 

0.252 0.340 

01248 01329 

01249 01324 

0.250 0.320 

01250 0.337 

0124Y 0.331 

0.247 0.323 

01251 0.31Y 



TABLE 2f - LYSHOLM ENGINE TEST RESULTS 

HUN) L M l t  CUMMtNT l N L t f  t X H  P'KtSS SPtEIJ k L 0 W  
PRtss w t 5 s  w r i u  kAIE 

416 Y/l8/81 

466 11/25/81 

469 121 3/81 

476 121 3/81 

475 121 3/81 

467 11/25/81 

470 12/ 3/Bl 

477 121 4/81 

474 121 3/81 

471 12/ 3/81 

478 12/ 4/81 

473 12/ 3/81 

472 12/ 3/U1 

479 12/ 4/81 

CPSlA3 

1 118,s 16.Y 

1 llY.6 20.4 

1 120.4 23.6 

1 llY.6 2Y.8 

1 llY.6 18.8 

1 121.2 21.4 

1 llY.6 25.4 

1 120.7 28rY 

1 119.6 20.8 

1 120.1 25.1 

1 120.1 28.8 

1 llYr6 22.4 

1 llY.6 25.4 

1 120.1 30.2 

1 KPM 1 

7.03 44Y3, 

S.86 44Y9. 

5.0Y 4541 e 

4.01 4456. 

6.36 S Y W .  

5.6Y 6000. 

4.70 6036. 

4.27 602tl. 

5.35 74Y2. 

4a78 74B1. 

4.17 7536. 

5.34 8YY3. 

4.70 8Y71. 

3.Y8 8Y83. 

LLBM/ 
StC; 3 

1.814 

1.785 

1.773 

1 734 

1*YY8 

2 006 

1.Y68 

lrY63 

2.200 

2,166 

2.174 

2.339 

2.3S2 

2 365 

INLET EFF P(1WEk FLOW SPfC SPkC LkAK INLET k X 1 T  

PB'f l J /  CKW3 CLLiM/ 
SEC3 SEC 3 

4Y7.Y 36,s 22 .7  5.03 7 .28  1.66 0.tl84 0,166 0 .268  

t. N.1  HL w . r I O  SPEED SIZE wrti UUAL CUAL 

4S6.6 3 6 . 3  1Y.Y Ye04 7.11 1.80 0.834 0.164 0.25Y 

457.6 37 .7  18.7 s . 0 ~  7.0~ 1.~0 o.tlii 0.i6s 0,234 

4S8.7 40.1 16.3 3.04 6.88 2109 0.805 0.167 0.244 

458.4 41.7 27 .0  5.01 10.03 1865 0.747 0.166 0.262 

457.6 40.7 24.5 5.01 Y.Y6 1.73 0.722 0.164 0.257 

45Y.6 

459.2 

4YY.2 

4SY.8 

4SY.4 

4SY. 8 

460.9 

4YY.4 

40.4 

38.7 

43.4 

41 e 0  

37.Y 

42.0 

3Y.7 

34 .5 

21 e4 

18.Y 

2Y.3 

24.1 

20.3 

2Y.0 

2S.3 

lY.3 

5 .00  

4.y~ 

4.Y8 

4.YB 

4.Y6 

4.Y6 

4rY1 

4eY6 

Y.8Y 

Y.84 

13.06 

12.84 

12rY7 

16.17 

16r03 

16.16 

1 .8S 

1 e93 

1 e63 

1.76 

1 r84 

1 r61 

lr6Y 

1.7Y 

0.717 

0.6Y4 

0 643 

0 608 

0 I 601 

0.4Y7 

0 SO9 

0.4Y0 

0 1  168 

0.167 

0.16'1 

0.168 

01 167 

0,168 

0.16Y 

0.16'1 

0.252 

0.248 

01259 

0.253 

0.247 

0 . 257 

0 . 254 
0 246 



TABLE 3 DATA TABLE C!IDES 

Comment Codes 

0 - 0.253 i n .  D i a n e t e r ( S m a l 1 )  Water Nozzle  Used 

1 - K a r l  RrDwn's Dqta (1981-2) 

2 - Repeqted R u n ,  S e a l  Po t  E r r o r  

3 - Repeated  Run, Off-Matrix 

4 - Repeated Run, I n c o n s i s t e n t  Data  
5 - Rep?ated Run ,  R a p e a t a b i l i t y  Check 

6 - Sea l  Pot  E r r o r  C o r r e c t e d  For 
7 - Water T e n p e r a t u r e  Es t ima ted  

8 - S u p e r h e a t e d  I n l e t  C o n d i t i o n s  

9 - Ralph B e r g e r ' s  Data (1980)  

C a l i b r a t i o n  Codes 

1 - P r e - S i g n a l  F i l t e r ( b e f o r e  3/33) 

2 - L a r g e  Water O r i f i c e  P l a t e ( a f t e r  3 / 8 0 )  

3 - Smal l  Water O r i f i c e  P l a t e ( a f t e r  3 /80 )  
< 

Note: Run numbers i n  t h e  5003's are  s t a g i n g  r u n s .  

\ 
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TABLE 4 - COEFFICIENTS FOR LYSHOLM ENGINE MODEL 
1) Mass Flow Rate 

a,, = -5.403E-2 
baa = 3.6383-4 

aba = -4.031 
bba = 3.375304 

a,b = 2.694-E-1 
bab = 1.9683-4 

abb = 3.685 
bbb = -2.050E-4 

Vi = 1 . 331E-4 f t3-mIdrev-sec 
vf = 1.7893-2 ft3/lbm (9 120 psla) 
vfg = 3.710 ft3/lbm ( 8  120 psia) 

ii) Power 

Note: Coefficients are expressed in FORTRAN scientific 
notation. The mantissa precedes the E and the 
exponent follows it . 

\ 



T.ABLE 5a - MODEL VALIDATION, TEST RESULTS(PREDICTED/MEAsURED) 
Day 1(2/24/82)Measured Inlet Pressu r  

1 I 
OPERATING CONDITIONS 

INLET ENGINE PFiESSURE 
QUALITY SPEED RATIO 

0.238, 84.43 RPM, 5.97 
(Predicted Optimum) 

FLOW 
RATE 

LBM/SEC 
1 755/ 

1.803 

0.237, 8431 RPM, 5.92 
(Predlcted-Optimum) 

0.200, 4499 RPM, 5.92 

1 . 808 

/ 1.556 

1.925 
0.200, 7504 RPM, 5.27 

0.198, 9004 RPM, 5.64 

s = 120 4 0.5 p s i a  

1 
POWER EFFI - 

CIENCY 

kW PERCENT 

30.7 

30.7 

24.3 

24.4 

\ 

7 
EXHAUST 
QUALITY 

/’ 



7,  I 

I 

EFPI- 
CIENCY 

EXHAUST 
QUALITY 

TABLE 5b - MODEL VALIDATION, TEST RESULTS(PREDICTED/MEASURED) 
Day 2 (3 /5/82)  Measured Inlc 
fi 

0 PER AT1 NG CONDI TI ON3 
I N L I T  ENGINE PRESSURE 

QUALITY SPEED RATIO 

FLOW POWER 
RATE 1 

LEM/SEC I kW PERCENT I ‘m 
0.471 

0 .398 ,  8045 RPM, 8.81 

1.127 ! 24.0/ 

/,,/2 4.b 
1 0.333, 5015 BPM, 8.18 

y y  
1,261 

I 
1 I 0.334, 6997 RPM, 8.64 

I 
I 

I------ 
0.285, 8034 RPM, 7.67 ri;’ 0 370 

0 . 27/ I 

’ 0.182, 7015 RPM, 6.82 
I 
i 
1 
’ 0.332, 8011 RPM, 8.13 ! 
! 

I 

I 

0.994, 8003 RPM, 8.12 

0.994, 8011 RPM, 10.65 
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FIGURE lb - LYSHOLM ENGINE DATA(Beference 9 )  

T h e o r e t i c a l  I n l e t  Volume 0.00798 f t 3 / r e v  

Expansion R a t i o  5.311 
H y d r o s t a t i c  P r e s s u r e  Tests t o  500 P s i g  

Maximum I n l e t  P r e s s u r e  250 psia 

Maximum I n l e t  Temperature 500 OF 

Rotor  Diameter 5.120 In. 

R o t o r  Length 6.519 in. 
Maximum Recommended Male Rotor  S h a f t  Speed 

Minimum Exhaust P r e s s u r e  4 p s i a  

9000 BPM 

\ 



FIGURE 2 - LYSHOLM ENGINE/HYBRID SYSTEM SCHEMATIC -- I n d i c a t e s  Thermo- 
couple  i n  l i n e  

1 I ( I n c l u d e s  Primary Lysholm I n s t r u m e n t a t i o n )  
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LYSHOLBi ENGINE S T A R T I N G  PROCEDURE 1 

Turq On C o n t r o l ?  

1 )  P l u s  i n  power 

2 )  T u r n  o n  control a i r  supply  

3)  Bleed  c o n t r o l  sir r e g u l a t o r s  

4) T u r n  on A u t u d a t a  

5 )  Check c o n t r o l  e e t t i n K s :  
FL) s e t  flok c o n t i - o l b  tb , .manna l  
b)  s e t  flow c o n t r o l s  t o  z e r o  
c )  s e t  vacuum c o n t r o l  t o  z e r o  vac. 
d )  s e t  t o r q u e  f i l t e r  t o  minimum value 
e )  s e t  brake c o n t r o l s  t o  z e r o  

6 )  T u r n  o n  brake power 

Check e n q i n e  c o n d i t i o n  

D i s c o n n e c t  j a c k i n q  motor 

Check o i l  sys t em:  
a) c h e c k  t a n k  l e v e l  
h) check  l e a k q e  r e t u r n  c a n s  
c )  o p e n  o i l t a n k  v e n t  
d )  o p e n  l e a k w e  r e t u r n  l i n e  
e )  o p e n  o i l  b y p a s s  

Turn!  on main a i r  s u p p l y  

open  sea l  a i r  s u p p l y  valve 

B l e e d  d p  r e g u l a t o r s  

C l o s e  water sea l  valve 

Check seal d r a i n  valves(  oil r e t u r n  c l o s e d ,  d r a i n  o p e n )  

Open main water valve 

Close e n g i n e -  pocks; 
a) i n l e t  a n d  e x h a u s t  c l o s e d  
b )  b y p a s s  open  

Check steam p a t h :  
a )  
b )  c l o s e  t u r b i n e  i n l e t  valves  
c )  c l o s e  #2 t u r b i n e  e x h a u s t  p o r t  
d )  open steam s u p p l y  bypass t o  c o n d e n s e r  
e )  o p e n  #l t u r b i n e  e x h a u s t  p o r t  

o p e n  s e p a r a t o r  valves or s e p a r a t o r  b y p a s s  



2 

Turn on a i r  e j e c t o r :  
a )  open l i n e  t o  c o n d e w e r  
b )  

- c )  c r ack  steam supply v a l v e  
d )  bleed e j e c t o r  c o n t r o l  I l n e  ‘ ! I  - - j -  

e )  
f )  open stem supply v a l v e  

a )  t u r n  on condensate  c o n t r o l  a i r  
b )  open two v a l v e s  on condensate  l i n e  
c )  c l o s e  r e g u l a t o r  bypass 
d )  open o r i f i c e  bypass 
e )  

open coo l ing  wa te r  v a l v e  4 t u r n  

open e j e c t o r  c o n t r o l  v a l v e  t o  b u i l d  p r e s s u r e  
,. 

C l e a r  condensate  path: 

open weigh tank  d r a i n  and/or  bypass 

Turn On Steam Sys tem 

Open steam supplyt 
a )  open main steam v a l v e  
b)  open steam l i n e  d r a i n  
c )  open c a l o r i m i t e r  3/4 t u r n  
d )  c r ack  enqine steam supply  v a l v e  t o  w a r m  l i n e s  

1 . *  - _  . , I ,  
1- - , ’\ z e )  c l o s e  steam l i n e  d r a i n  

f )  open engine steam supply v a l v e  

Turn on steam dp:  
a )  o p e n  one s i d e  
b) c l o s e  b y p a s s  
c )  open o t h e r  s ide  

Turn on condensor c o o l i n g  water: 
a )  open open weigh tank d r a i n  
b)  open main water v a l v e  
c )  s e t  c o n t r o l  v a l v e  

Turn on  condensate  pump( check l u b r i c a t i o n )  

S t a r t  steam f l o w  a t  25% t o  w a r m  l i n e s  

S t o p  flow; i f  flow does  n o t  read zero, bleed dps  and seal p o t s )  

Enq ine  Btar t  

25) Open engine p o r t s :  
a )  open exhaust  p o r t  
b) c l o s e  bypass 
c )  open i n l e t  p o r t  

26 )  S e t  s e a l  a i r  p r e s s u r e ( 4 0  p s i q )  

2 7 )  S e t  s e a l  wa te r  f l ow(dry  steam o p e r a t i o n )  

28)  Turn on o i l  pump 

2 9 )  S e t  o i l  p r e s s u r e  ( 1 0  p s i q )  \ 
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30)  S e t  steam flow t o  25$, t u r n  o v e r  engine ,  l o a d  i f  necessa ry  

t o  keep speed below 3000 rpm. 

31) Turn on water  sys t em:  
a )  t u r n  on water pump 
b )  open t r a p  on h e a t  exchanger l i n e  
c )  open hea t  exchanger  steam v a l v e  
d )  c l o s e  t r a p  on h e a t  exchanger l i n e  

32) Oaen wa te r  d p (  s e e  s t e p  20 for procedure)  

33)  Bleed wa te r  dp if flow does  n o t  r ead  z e r o  

34) S t a r t  a v e r y  low wa te r  f low 

3 5 )  A l l o w  water tempera ture  t o :  reach  336OF 

36) Allow o i l  t empera ture  t o  r each  140°F 

3 7 )  Record In log+- 'dBte ,  eneine. run?#s  

38) Br ing  engine  t o  o p e r a t i n g  c o n d i t i o n s  
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r =  ~ ( < ~ Q / b ~ i ) ’ ( ~ ) ‘ )  0 0 12 0.31 0.86 

0- /Q ( P e r c e n t  1 0.9 1.0 2.2 

Nominal Q 1.303 30.9 30-0 
\ 

, - 

ERROR ANALYSIS (For  a t y p i c a l  p o i n t  - I n l e t  P r e s s u r e  = 120 p s l a ,  
I n l e t  Q u a l i t y  = 0.33, Speed = 7500 RPM, P r e s s u r e  
Ratio = 8.0) 

Note: All e r r o r s  ( r )  based on a conf idence  l e v e l  of 95% 

0.0046. 

1.1 

0.412 

~~ ~~ 

2 Q / b x  - Determined by v a r i a t l o ,  
of parameters  u s i n g  
t h e  data  r e d u c t i o n  
computer code 

Channel 5 
I n l e t  Temperature - OF 
Q =  1 OF 
Nominal Value - 341. 
Channel 6 
Exhaust Temperature - OF 
C T =  1 O F  
Nominal Value - 213. 

~~ ~~ 

Channel 7 
Water Temperature - OF 
t ~ =  1 OF 
Nominal Value - 342. 

Channel 9 
C a l o r i n e t e r  Temperature-OF 

Nominal Value - 282. 
e =  1 O F  

~~~ ~ 

Channel 10 
Steam Flow Rate - V o l t s  

Nominal Value - 4.30 
Q = 0.08 V 

Channel 11 
Water Flow Rate - V o l t s  
u - =  0.01 v 
Nominal Value - 0.930 

Channel 12 
Torque - V o l t s  

Nominal = = O*OoJ a l u e  - 0.340 

Channel 13 
Speed - V o l t s  Nominal’’ 
Q = 0.004 V Value - 0,7: 
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DATA CONTROL PROGRAMS 
LYSHOLM ENGINE TESTING 
HP - 41CV 

i 

I 

1 

i 
I 

i 

I 
1 

i 
i 
i 
I 

i 
! 
i 
I 

i 

I 

R54= 8.182 
P5S= -0,eElt 
R56= 0.854 
P57= 8.07G 
P58= 0.186 
P54= -6.61 2 
E M =  6.475 
F61= 1856.658 
P6?= 1.845 
R63= -44.098 

PRP 'FRRTI 0' 

014L6L 'FRRTIO' 
02 FST 6; 
83 GTO 81 

05 * 
86 RCL 57 
87 t 

04 RCL 56 

e8 CTL) 82 

W L B L  01 
18 RCL 58 
11  * 
12 RCL 59 
13 t 

14tLEL 82 
15 X O Y  
16 RCL 54 
17 * 
18 RCL 55 
19 t 
28 1 

21 EHD 

61tLEL -HCHTP,= 

e: m h  
02 STO 65 

e4 STS 64 
65 RPI; 
06 STO 63 
e7 RIifi 
08 STO 61 
89 RGL 85 
16 FS? 83 
:I c x  ei 
12 RCL 5b 

13 * 
14 RCL 57 
15 + 
16 GTO 82 

1 3 L B L  01 
18 RCL 58 
13 * 
28 RCL 55 
21 + 

2 2 4 L B L  62 
2s STO 86 
24 RCL 04 
25 RCL 54 
26 * 
E? RCL 55 
28 t 
23 SSO 62 
30 RCL 03 
31 RL'L 60 
32 * 
33 RCL 61 
3 4 t  
35 RCL 02 
S6 * 
37 RCL 81 
38 RCL 62 
39 * 
40 RCL 63 
41 t .  
42 RCL 00 
43 * 
44 i 
45 RCL e;! 
46 RI'L 8,) 
47 t 
48 1 

49 EN3 
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