
COO-4051-21 

A SOURCEBOOK ON THE PRODUCTION OF ELECTRICITY 
FROM GEOTHERMAL ENERGY 

D r a f t  

Chapter 4 ,  Sec t ion  4.4 

"Sta tus  of t h e  Development of t h e  T o t a l  Flow System 

for Electr ic  Power Production from Geothermal Energy" 

Report No. CATMEC/15 

Material suppl ied  by 
Arthur L.  (Roy) Austin 

Lawrence Livernore Laboratory 
Livermore, CA 94550 

Material e d i t e d  by 
D. John Ryley 

Brown Univers i ty  
Providence, R I  02912 

A p r i l ,  1978 

Performed under 

Department of Energy 

Divis ion of Geothermal Energy 

Cont rac t  No. EY-76-S-02-4051.AOOl 

NOTICE 

Emrgy, nor any of their employees. nor any of their 
mtractorr. rubcontracton. or their employees. mkcs 
any warranty, e x p n  or implied, or mums my kgd 
liability or responsibility for the aecuncy, completeneu 
o( urfulneas of my infomution, apparatus, product or 

USTBIBUnON OF THIS DOCUMENT IS UNLLMITED 

%*0 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



E d i t o r ' s  Xote 

The material  f o r  t h i s  r e p o r t  was suppl ied  by Dr. A .  L. (Roy) Austin 

f o r  t h e  F i f t h  Meeting of t h e  CenIers f o r  t h e  Analysis  of Therral-Mechanical 

Energy Conversion Concepts he ld  a t  S a l t  Lake C i t y ,  Utah, on A p r i l  12-14th 

1977 and subsequent ly  p r i n t e d  i n  t h e  Minutes of t h a t  meeting; CATMEC/4, 

Appendix C .  

The T o t a l  Flow P r o j e c t  w i l l  cont inue beyond t h a t  d a t e  u n t i l  i t s  termi- 

n a t i o n  on October 1st 1978. 

f l e c t  a c c u r a t e l y  t h e  s t a t u s  of t h e  P ro jec t  as a t  t h e  end of t h e  year  1977. 

The r e p o r t  he re  presented  i s  be l ieved  t o  re- 

The con ten t s  of  t h e  p re sen t  r e p o r t  fol low c l o s e l y  t h e  s ta tements  i n  

CATFECI4, Appendix C y  t h e  Nonenclature and Glossary be ing  suppl ied  by t h e  

Ed i to r  who a l s o  made minor amendments t o  t h e  t e x t  t o  s ecu re  c l a r i t y  and 

c o n t i n u i t y .  

I am inzebted  t o  D r .  Aust in  for supplying p r i n t s  and answering pa- 

t i e n t l y  many que r i e s .  

D. J. Ryley 

March 30 ,  1978  

Div is ion  of Engineering 

Brown Univers i ty  

Providence , R I  



I 

NOMENCLATURE 

U 

V 

a 

d 

e 

f 

g 

1 

s 

t 

U," 

X 

Blade width 

Coef f i c i en t  

Wheel diameter 

Aerodynamic drag  

Absolute p re s su re  

Absolute temperature,  

Thrust  

Veloc i ty  

Veloc i ty  

m 

m 

N 

YPa 

K 

N 

m/ s 

m / s  

Liquid f r a c t i o n  removed r a d i a l l y  

Droplet  diameter  m 

E f f i c i ency ,  l o s s  

Moody f r i c t i o n  factor  

G r a v i t a t i o n a l  cons t an t  

S p e c i f i c  en tha lpy  

Specific entropy 

Temperature, 

T i m e  

V e l o c i t i e s  

Dryness f r a c t i o n  

kJ/kP 

kJ/ke  K 

OC 

S 

2 
m / s  

m / s  



Angle de f ined  on Fig. 4-10 

Blade speed/Nozzle steam speed 

Nozzle v e l o c i t y  c o e f f i c i e n t  

Veloc i ty  r a t  i o  

Vi scos i ty  

Density 

m Flowrat e 

6 Enthalpy rate 

Polar coord ina te s  

Drag c o e f f i c i e n t  cD 

b 

kg/m s 

ke/m 
3 

k e / s  

kJ /S 

S u b s c r i p t s ,  etc. 

Blade 

Loss a r i s i n g  from r a d i a l  removal of l i q u i d  

Loss a r i s i n g  from d i s k  f r i c t i o n  

Engine exhaust 

Liquid 

R e l a t i v e  

I s e n t r o p i c  

t Turbine 

Thrust 

Vapor 

Turbine wheel 

0 Reservoi r  

1 ,2 ,3 . .  . S t a t e  p o i n t s  

A F i n i t e  change i n . . .  

A prime ( ’ )  denotes a p o l y t r o p i c  

A b a r  (-1 denotes a v e c t o r  q u a n t i t y  



4.4.1 

4.4.2 

4.4.3 

4.4.3.1 

4.4.3.2 

4.4.3.3 

4.4.4 

4.4.5 

4.4.6 

CONTENTS OF SECTION 4.4 

In t roduc t ion  

C h a r a c t e r i s t i c s  o f  Wellhead F lu id  

Energy Conversion Concepts 

The Flashed Steam System 

The T o t a l  Flow Concept 

Total  Flow Expander C h a r a c t e r i s t i c s  

Impulse/React ion Hachines 

P o s i t i v e  Displacement Machines 

Impulse Machines 

Nozzle development 

Momentum t ransfer  i n  t u r b i n e  b lad ing  

Performance tes ts  

Performance p o t e n t i a l  o f  t h e  t o t a l  f low system 

Comparison of T o t a l  Flow Expanders 

Brine Chemistry Effects 

A P o s s i b l e  T o t a l  Flow System Design 

References 

Bibliography 

Glossary 

F igures  

Page No. 

1 

2 

3 

4 

5 

6 

7 

8 

1 0  

11 

1 2  

1 6  

2 5  

26 

27 

28 

30 

32 

33 



- 1- 

4.4.1. In t roduc t ion  

Events du r ing  t h e  l a s t  f e ~ ~  y e a r s  have focussed worldwide a t t e n t i o n  on 

t h e  inc reas ing  need f o r  c l e a n ,  inexpensive e n e r w  s a n n l i e s  wi th  p a r t i c u l a r  

emphasis on development of non- foss i l  sources .  

energv is c u r r e n t l v  r ece iv ing  wide i n t e r e s t  as one such a l t e r n a t e  energv 

source ,  p a r t i c u l a r l v  f o r  e l e c t r i c  power genera t ion .  

de f ined  h e r e  as t h e  thermal  energy s t o r e d  i n  d e p o s i t s  o f  d r v  steam, h o t  water, 

and h o t  d r y  rock .  Althourh d rv  steam d e p o s i t s  are t echno log ica l lv  t h e  easiest  

t o  e x n l o i t ,  t h e i r  occurrence i s  estimated t o  be  onlv ahout one-twentieth as 

common as h o t  water  d e p o s i t s .  On t h e  o t h e r  hand, whi le  t h e r e  may be  immense 

amounts of energv s t o r e d  i n  h o t  d r v  rock ,  no technologv v e t  e x i s t s  for recov- 

e r y  o f  t h i s  energv nor has s i n n i f i c a n t  exp lo ra t ion  heen c a r r i e d  o u t  v e t  t o  

determine i f  and where exDloi tab le  d e n o s i t s  e x i s t .  Conseauentlv, du r ing  t h e  

next  decade geothermal energv develoDment i n  t h e  U.S. w i l l  l i k e l v  emphasize 

e x p l o i t a t i o n  of t h e  water-dominated r e source .  

I n  t h e  [J.S.A., geothermal 

Geothermal energv is 

Temperatures of t h e  water d e p o s i t s  of Drinary i n t e r e s t  varv from 1 5 O o C  

t o  3 O O O C  with  t o t a l  d i sso lved  s o l i d s  (TDS) ranging f r o n  less than  0.14 t o  

over 25%. Althouph t h e s e  r e sources  c o n s t i t u t e  a s i e n i f i c a n t  energy r e source ,  

t h e r e  are two major c o n s t r a i n t s  t h a t  w i l l  i n f luence  t h e  ra te  of development. 

F i r s t ,  t h e  range  of chen ica l  cond i t ions  encountered w i l l  l i k e l v  r e q u i r e  spe-  

c i a l  conversion svstems. I n  some cases, economic u t i l i z a t i o n  of high 

temperature-high s a l i n i t y  b r i n e s  has  n o t  v e t  been proven f e a s i b l e .  

economic cons ide ra t ions  r e q u i r e  development o f  conversion machines wi th  h ighes t  

efficiencies i n  o r d e r  t o  minimize t h e  number of w e l l s  D e r  u n i t  of e l e c t r i c a l  

Second, 

capac i tv .  I n  t h e  U.S. an a c c e l e r a t e d  e f f o r t  is c u r r e n t l v  underwav, suppor t ing  

a broad-based r e sea rch  and development nroqran. %ch of t h i s  work is d i r e c t e d  

toward new conversion s v s t e m  i n  an attempt t o  i n c r e a s e  o p p o r t u n i t i e s  f o r  u t i -  

l i z a t i o n  of h o s t i l e  f l u l d s  and f o r  imnroved econor ics .  
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4.4.2. C h a r a c t e r i s t i c s  of Wellhead F lu ids  

Before proceeding,  it is  of  va lue  t o  summarize b r i e f l y  t h e  na tu re  of  t h e  

During t h e  l a s t  t e n  y e a r s ,  considera-  f l u i d s  nroduced by hydrothermal wel ls .  

b l e  a t t e n t i o n  has  been given t o  understanding hydrothermal systems and t h e  

c h a r a c t e r i s t i c s  of well flow from ho t  water d e p o s i t s .  

systems have been descr ibed  by Muffler and White (19721, White (1973),  Facca 

(19731, James (1967, 1970, 19701, and*Gould (19741, among o t h e r s ,  i n  which 

mechanisms are proposed for  product ion from hydrothermal systems which are 

Yodels of h o t  water 

h o t  enough t o  produce two-phase flow bv f l a s h i n g  i n  *he wel lbore .  

Since l i m i t e d  d a t a  are r e a d i l y  a v a i l a b l e  t o  i l l u s t r a t e  a wide v a r i e t y  of 

cond i t ions ,  an approximate eva lua t ion  ‘is r e l a t i v e l y  easy t o  ob ta in  bv numeri- 

cal  s o l u t i o n  o f  t h e  momentum and c o n t i n u i t v  equat ions  f o r  a d i a b a t i c  s teady  

flow up a w e l l .  T a b l e  4-1 lists t h e  r e s u l t s  of such c a l c u l a t i o n s  [Austin 

e t  a l . ,  1973 and Johnson, 19743. 

d i t i o n s  f o r  well design were c!iosen a r b i t r a r i l v ,  b u t  are Eenera l lv  represen-  

t a t i v e  of f i e l d  cond i t ions .  The we l l  flow rates  c a l c u l a t e d  a r e  those  a t  t h e  

w e l l  head p res su res  f o r  which t h e  thermal  energy e x t r a c t i o n  ra te  i s  maximum. 

Actual f l u i d  nroduct ion ra tes  and energy c o n t e n t ,  however, w i l l  he adverse ly  

affecved hv t h e  presence of  d i sso lved  s o l i d s .  I t  i s  es t imated  [Crens,  13751 

t h a t  f o r  each 1 .0% inc rease  i n  t h e s e  d isso lved  s o l i d s ,  t h e r e  may he a reduc- 

t i o n  of UD t o  0 .8  t o  0.9% i n  energy e x t r a c t i o n  rate,  b u t  experimental  v e r i f i -  

c a t i o n  of t h e s e  c a l c u l a t i o n s  i s  needed. Never the less ,  neg lec t ing  t h i s  condi- 

The r e s e r v o i r  cond i t ions  and assumed con- 

t i o n  t h e  c h a r a c t e r i s t i c s  given i n  Table 4-1 are found t o  be reasonably con- 

s i s t e n t  wi th  t h e  l imi t ed  d a t a  a v a i l a b l e  i n  t h e  l i t e r a t u r e ‘ a n d  w i l l  be  used 

he re  as t h e  b a s i s  f o r  anv system c a l c u l a t i o n s  appearing i n  t h i s  chapter’. 

There a re  two reasons  t o  cons ider  downhole pumping. nne is t o  inc rease  

product ion from low temperature  d e p o s i t s ,  and t h e  o t h e r  is t o  maintain l i q u i d  



TABLE 4-1 

Calcu la ted  Geothermal Well C h a r a c t e r i s t i c s  for  t h e  Self-pumping Mode of Production 

F es ervo ir 
Temperature 

Wellhead Characteristics 

Temperature P r e s s u r e  Vapor Enthalpy 
kJ Btu 

(K) lb F r a c t i o n  % - 
kg 

O C  (OF) O C  OF M Pa 

177 (351) 138 (280 1 0.344 (50)  7.4 740.1 (318.2) 

204 (399 1 163 (325 1 0.676 (98)  8.3 862.9 (371.0) 

260 (500) 199 (390) 1.517 (220) 13.7 1113.4 (478.7 1 

300 (572 1 223 (433) 2.482 (360) 18.9 1308.4 ( 562.5 

Reservoir 
Temperature Flow ra te  i n  

(See footnote 2 )  

f = .02 f = .04 

Thermal Energy E x t r a c t i o n  
Rate (See f o o t n o t e  3 )  

f = .02 f = .04 

l b  lb MWt M W t  - MWt - MWt - - - - I_ 
- kg 

f t 2  2 f t 2  m 2 m 2 f t  s 2 m s  2 f t  s 2 m s  
O C  (OF) 

177 (351) 1708.9 (350) 1391.5 (285 1 914.9 (85)  742.7 (69)  

(112 1 1205.6 204 (399 1 2270.4 (465) 1830.9 (375) 1496.2 (139) 

260 (500) 2978.3 (610) 2319.2 (475) 2701.8 (251) 2109.7 (196) 

300 (572) 3222.5 (660 1 2441.3 (500) 3552.1 (330) 2691.0 (250) 

NOTES: 1. Well depth 1524 m (5000 f t . ) ,  Product ion c a s i n g  0.194 m ( 7  5/8 i n )  O.D., 0.172 m (6.77 i n )  I.D., 
Area = 0.023 m 2  (0.25 f t 2 ) .  

2. 

3. 

C a l c u l a t i o n s  are based on thermodynamic p r o p e r t i e s  of pure water, f = Moody f r i c t i o n  factor. 

The thermal energy e x t r a c t i o n  r a t e - i s  c a l c u l a t e d  with re ference . to  ga tura ted  l i q u i d  en tha lpy  
a t  48.9OC (12OoF), In  S . I .  U n i t s ,  Q m (ha - 2051, f p s  Uni t s ,  Q = m (h2 - 87.9) 

4. Condensing temperature  49OC. 

5. The g r o s s  power output  i s  d e b i t e d  10% t o  provide power fo r  i n t e r n a l  p l a n t  pumping. 



Q flow from h ighe r  temperature  d e p o s i t s .  

sunpress  p r e c i p i t a t i o n  and scale formation i n  su r face  equipment a s soc ia t ed  

This may be e s p e c i a l l y  important t o  

wi th  t h e  Binary Cvcle concept [Chapter 41. 

h ighe r  t enpe ra tu re  b r i n e s ,  problems of r e l F a b i l i t y  are D a r t i c u l a r l v  s e r i o u s .  

For t h e  a p p l i c a t i o n  i n  t h e  

As v e t ,  proven pumps have no t  been demonstrated.  There are  s e v e r a l  concepts  

under develonment, and t h i s  work should be encouraged. 

4.4.3. Energv Conversion ConceDts 

For recovery and conversion of t h e  energv i n  water-dominated r e s o u r c e s ,  

onlv t h r e e  b a s i c  conversion concents e x i s t .  These are: ( a )  t h e  f l a shed  steam 

system, ( b )  t h e  b ina ry  cyc le  conceDt, and ( c >  t h e  t o t a l  flow concept .  A 

f o u r t h  concept envisages combinations of t h e s e  syst'ems, i . e .  hvbrid systems 

c 1. For electr ic  power gene ra t ion ,  t h e  development of  

hybrid svstems may be necessarv t o  achieve t h e  most e f f e c t i v e  u t i l i z a t i o n  of 

hydrothermal resources .  This  may,be e s p e c i a l l y  t h e  case, f o r  example, where 

l a r g e  amounts of  non-condensihle gases  e x i s t ,  or where unique cond i t ions  are 

p resen t  a l lowing both e l e c t r i c a l  and n o n - e l e c t r i c a l  u ses  of t h e  energy. Any 

s e r i o u s  cons ide ra t ion  of hvhr ids ,  as def ined  h e r e ,  however, must begtn wi th  a 

thorough understanding of  i n d i v i d u a l  svstem components over  t h e  comnlete range 

. o f  oDeratinp, cond i t ions .  IIence, t h e  development of hvhr ids  awaits f u r t h e r  

. develoDment of t h e  b a s i c  concept.  

Cur ren t ly ,  onlv t h e  f l a shed  steam system is  i n  commercial use .  The b i -  

t narv cyc le  concept has  not  y e t  found a p p l i c a t i o n ,  nor  has  even a small corn- 
* 

p l e t e  system been f i e l d - t e s t e d  i n  t h e  United S t a t e s .  The t o t a l  flow concept 

' has  been t h e  s u b j e c t  of cons iderable  l abora to ry  tests, b u t  also has  no t  y e t  
. 

been f i e l d - t e s t e d .  

he re  f o r  performance comparisons. 

b a s i c  f e a t u r e s  of  t h e  f l a shed  steam system is now presented  as p repa ra t ion  

Consequently, onlv t h e  f l a shed  steam svstem w i l l  b e  used 

4 For t h a t  reason ,  a s h o r t  d i scuss ion  of t h e  . 
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f o r  t h e  fo l lowing  d e t a i l e d  d i s c u s s i o n  of t h e  t o t a l  flow concept.  Fur ther  i n -  

formation on f l a s h e d  steam systems is  given i n  t h i s  Chapter,  Sec t ion  4 .  

4.4.3.1. The Flashed Steam System 

I n  t h e  e a r l y  1960 's ,  New Zealand pioneered t h e  l a r g e - s c a l e  recovery and 

conversion of energy i n  ho t  water d e p o s i t s  us ing  t h e  Flashed Steam method 

[Chapter 121. 

o p e r a t i o n a l  f l a s n e d  steam power p l a n t s  now e x i s t  i n  s e v e r a l  o t h e r  c o u n t r i e s  

[Chapter 123. 

and f u t u r e  advances w i l l  l i k e l y  l i e  i n  areas of more r e f i n e d  system components, 

power system economics, and r e s e r v o i r  management techniques .  S ince  t h i s  is t h e  

only proven system wi th  a s u b s t a n t i a l  o p e r a t i o n a l  h i s t o r y ,  its g e n e r a l  pe r fo r -  

mance c h a r a c t e r i s t i c s  w i l l  b e  used h e r e  as a b a s i s  f o r  comparison o f  f u t u r e  

concepts.  

A g r e a t  d e a l  of information has  been publ i shed ,  and 

Consequently, t h e  technology can be considered proven, 

Figure 4-1A i l l u s t r a t e s  s chemat i ca l ly  t h e  elements o f  s i n g l e  f l a s h  s y s t e n .  

I s e n t h a l p i c  p r e s s u r e  r educ t ion  of t h e  wellbottom product occurs p r i o r  t o  and a t  

e n t r y  t o  t h e  f l a s h  s e p a r a t o r  which s e p a r a t e s  t h e  vapor and l i q u i d  f r a c t i o n s .  

The accompanying Temperature-Entropy c h a r t  in F i g .  4-19 i l l u s t r a t e s  t h e  basic 

thermodynamic process involved. For s i m p l i c i t y ,  t h e  p re s su re  drop between sepa- 

r a t o r  and t u r b i n e  i n l e t  is neglec ted  h e r e  s i n c e  it is l a r g e l y  dependent on w e l l  

spac ing  and d e t a i l e d  p l a n t  des ign .  The most obvious p o i n t  is t h a t  a s u b s t a n t i a l  

f r a c t i o n  of t h e  avai-lable energy is d i sca rded  i n  t h e  sepa ra t ed  l i q u i d .  

Overa l l  p l a n t  thermal e f f i c i e n c i e s  are g e n e r a l l y  below 10% f o r  a s i n g l e  

f l a s h  system. 

wi th  mul t ip l e  f l a s h i n g .  

Greater u t i l i z a t i o n  of t h e  f l u i d  energy, however, can b e  achieved 

[This Chapter , 'Sec t ion  4.1.1 

F o r  high s a l i n i t y  b r i n e s ,  car ryover  of s o l i d s  i n t o  t h e  vapor f r a c t i o n  i s  

cons idered  a s e r i o u s  l i m i t a t i o n  to  t h e  Flashed Steam system. Consequently, as- 

s o c i a t e d  t e c h n i c a l  advances are needed i n  t h e  a r e a s  o f  improved methods of 
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s e p a r a t i o n  or scrubbers  t o  minimize car ryover  of s o l i d s  i n  t h e  steam f r a c t i o n ,  

and ways t o  i n c r e a s e  t o l e r a n c e  o f  convent iona l  steam t u r b i n e s  t o  en t r a ined  

s o l i d s .  

I n  o r d e r  t o  a l low comparison of t h e  va r ious  concepts i n  a l a te r  s e c t i o n ,  

t h e  performance o f  t h e  Flashed Steam system is now es t imated  f o r  t h e  wellhead 

f l u i d s  i n  T a b l e  4-1. 

power ou tpu t  t o  account f o r  i n t e r n a l  p l a n t  pumping requirements is  assumed. 

A condensing temperature of 29OC and a 10% reduc t ion  i n  

Resu l t s  are shown i n  Fig.  4-2 i n  terms o f  t h e  r e source  u t i l i z a t i o n ,  kWh/metric 

t on  of wellhead ou tpu t ,  i .e . ,  t h e  n e t  s p e c i f i c  energy o u t p u t .  

4 . 4 . 3 . 2 .  The T o t a l  Flow Concept 

Based on fundamental thermodynamic p r i n c i p l e s ,  a d i r e c t  expansion from 

wellhead t o  s i n k  cond i t ion  has t h e  p o t e n t i a l  f o r  conversion of t h e  g r e a t e s t  

f r a c t i o n  of t h e  a v a i l a b l e  energy. Comparison o f  Fig.  4-3 wi th  Figure 4-lB i n -  

d i c a t e s  t h a t  t h e  T o t a l  Flow process  (expansion from 2 t o  3) provides  an upper 

bound on system e f f i c i e n c y .  

of s e p a r a t i o n s  used i n  t h e  F l a s h  Steam System, t h e r e  w i l l  always be some u s e f u l  

energy d i sca rded  wi th  t h e  sepa ra t ed  l i q u i d  i n  t h e  l a s t  f l a s h  s t a g e .  

t h e  T o t a l  Flow concept is s imple ,  and would provide  t h e  most d i r e c t  means o f  

geothermal energy conversion, it w i l l  r e q u i r e  t h e  development o f  e f f i c i e n t ,  

For example, r e g a r d l e s s  o f  t h e  number of s t a g e s  

Although 

reliable machines €or two-phase expansion o f  t h e  wellhead f l u i d .  

The concept is n o t  new, b u t  u n t i l  now p r a c t i c a l  a p p l i c a t i o n s  have been 

l ack ing .  It is be l i eved  t h a t  t h e  first pub1ished.documentation on t es t s  o f  a 

T o t a l  Flow dev ice  c o n s i s t  of some b r i e f  comments by Naymanov (1970). I n  h i s  

paper on t h e  f l a s h e d  steam p l a n t  a t  Pauzhetka, he  makes r e f e r e n c e  t o  l i m i t e d  

tests on a h y d r a u l k  t u r b i n e  operated d i r e c t l y  from t h e  wellhead products .  He 

a l s o  no te s  t h a t  t h e  machine t e s t e d  was fa 

are expected. 

F ig .  4 . 2 .  

om-optimum and t h a t  improvements 

The p o t e n t i a l  performance o f  a Total..Flow process  is  shown i n  
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I t  should b e  emphasized he re  t h a t  t h i s  comparison is based only on thermo- 

dynaqic c o n s i d e r a t i o n s ,  and t h e  assumptions used f o r  t h e  r e s p e c t i v e  engine ef-  

f i c i e n c i e s  of t h e  systems shown. Figure 4 .2  shows t h a t  t o  ga in  t h e  advantages 

shovn, a t o t a l  flow expander must have an engine e f f i c i e n c y  of 7096, a pe r fo r -  

mance as y e t  u n r e a l i z e d ,  b u t  t h e  performance of steam t u r b i n e s  for geothermal 

a p p l i c a t i o n s  may increase as geothermal energy developments p r o l i f e r a t e .  Not 

wi ths tanding  t h e  poor performance t o  d a t e ,  t h e  p o t e n t i a l  for t h e  T o t a l  Flow 

concept appears e s p e c i a l l y  promising because of i ts  s i m p l i c i t y ,  and hence po- 

t e n t i a l l y  lower c a p i t a l  COSIS. I t  should a l s o  b e  noted t h a t  Figure 4-2 i l l u -  

s t r a t e s  comparison of p rocesses ,  no t  machines. 

same t o t a l  flow expander would work a t  70% e f f i c i e n c y  over t h e  working f l u i d  

tempera ture /en tha lpy  range shown. 

needed a t  t h e  lower temperature range  than  t h a t  a t  t h e  h igner  range .  

s ea rch  and t e s t i n g  of cana ida te  expanders over a l l  working f l u i d  cona i t ions  

needs t o  be  completed be fo re  t h i s  b a s i c  ques t ion  can be answered. 

t h e  p o t e n t i a l  importance of  t h e  t o t a l  flow process and because i ts  development 

w i l l  add a t n i r d  dimension t o  geothermal conversion technology, t h e  ba lance  of 

t h i s  chap te r  w i l l  concen t r a t e  on t h e  r equ i r ed  f e a t u r e s  of t o t a l  flow expanders. 

I t  i s  not  y e t  known i f  t h e  

I t  may b e  t h a t  d i f f e r e n t  expanders w i l l  be  

Xore r e -  

Because o f  

T o t a l  Flow Expander C h a r a c t e r i s t i c s  

The geothermal environment demands des ign  s i m p l i c i t y  and f l e x i b i l i t y  t o  

allow use  of  co r ros ion /e ros ion  res i s tan t  materials, i nco rpora t ion  of p r e c i p i -  

t a t i o n  and scale c o n t r o l  methods [Chapter 6 and 71, and a means t o  mini- 

mize capi ta l  COStS.CChapter 1 1 3 .  Also, i n  o r d e r  t o  ga in  t h e  full advan- 

tages  of t h e  T o t a l  Flow p rocess ,  i t  is necessary  t o  e x t r a c t  t h e  maximum 

a v a i l a b l e  energy from t h e  i iellhead product by expansion t o  as low a backpres- 

s u r e  as p o s s i b l e .  I t  can be shown t h a t  for each wellhead cond i t ion  l i s t e d  i n  
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T a b l e  4-1,  40% o f  t h e  u s e f u l  work is obta ined  by expansion below atmospheric 

p re s su re  t o  t h e  s i n k  cond i t ion .o f  4 9 O C  (3.5" Hg). Volume expansion ratios of 

t h e  f l u i d  range  from about 300 ( f o r  3OOOC f l u i d s ) . t o  about 70 ( f o r  t h e  177OC 

f l u i d s ) .  This compares wi th  expansion r a t i o s  o f  50 t o . 2 0  f o r  f l a shed  steam 

t u r b i n e s  ope ra t ing  from t h e  vapor f r a c t i o n s  of t h e  same wellhead f l u i d s .  Con- 

sequen t ly ,  t h e  T o t a l  Flow expander must b e  capable  o f  complete expansion to*-- 

r ecove r  t h e  a v a i l a b l e  energy, and must a l s o  b e  a b l e  t o  accommodate-CLarge volume 

flow rates.  I n  a d d i t i o n  t o  t h e s e  requi rements ,  candida te  expanders must b e  

a b l e  t o  wi ths t and  t h e  presence  of s i g n i f i c a n t  q u a n t i t i e s '  of d i s so lved  s o l i d s .  

P r e c i p i t a t i o n  o f  s i l i ca  and heavy metal s u l f i d e s  du r ing  expansion can cause 

r a p i d  formation o f  scale ,  and t h e  co r ros ive  a n d > e r o s i v e  a c t i o n s  of t h e  b r i n e s  

w i l l  b e  major problems. These w i l l  l i k e l y  r e q u i r e  des ign  s i m p l i c i t y ,  p a r t i -  

c u l a r l y  wi th  r e s p e c t  t o  minimizing t h e  number of moving p a r t s  and swept s u r -  

faces, ease of maintenance, and long-term r e l i a b i l i t y .  

d e r  is  most d e s i r a b l e ,  b u t  s t a g i n g  may b e  f e a s i b l e  i n  some cases. 

A s i n g l e  s t a g e  expan- 

Table 4-2 lists t h e  b a s i c  classes of expanders which have been considered 

I t  is not  p o s s i b l e  h e r e  t o  g i v e  a d e t a i l e d  f o r  u se  i n  t h e  T o t a l  Flow process .  

d e s c r i p t i o n  o f  each ,  nor  is t h i s  t h e  only  way t o  c l a s s i f y  them. 

types  should b e  first treated i n d i v i d u a l l y :  pure r e a c t i o n  machines and t h e  

mul t ip le -d isk  ( o r  b l a d e l e s s )  t u r b i n e .  

However, two 

ImDuls e/React ion  idachines 

Genera l ly ,  r e a c t i o n  dev ices  are  expected t o  f ind  l i m i t e d  a p p l i c a t i o n . '  

S ince  a p r e s s u r e  and temperature drop is r e q u i r e d  i n  t h e  r o t a t i n g  component, 

scale format ion ,  i f  i t  occur s ,  w i l l  b e  d i f f i c u l t - t o  c o n t r o l  or remove. F 

maximum power ou tpu t  r e q u i r e s  a high r a t i o  (approaching:uni ty)  of t i p  speed t o  

a b s o l u t e  f l u i d  nozz le  e x i t  v e l o c i t y  which l e a d s  t o  %highrspeeds a n d - h i g h , s t r e s s e s .  

I n  a d d i t i o n ,  t h e r e  are p r a c t i c a l  problems of main ta in ing  r o t a t i o n  seals ,  of 
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modifying t h e  geometry as wellhead p r e s s u r e  drops wi th  t i m e ,  and of lowered 

nozzle  e f f i c i e n c y  due t o  s e g r e g a t i o n  of l i q u i d  ana vapor i n  t h e  r o t a t i n g  pas- 

sage.  For s a t u r a t e d  l i q u i d  i n l e t  c o n d i t i o n s ,  however, enthalpy drop is lower 

a c r o s s  t h e  t u r b i n e ;  hence,  r o t a t i o n a l  speed is lower, r e s u l t i n 5  i n  reduced 

working stresses. 

c o n d i t i o n s ,  t h e  r a d i a l  outflow t u r b i n e  (Hero 's  t u r b i n e )  may h e  a p r a c t i c a l  

candida te  expander. 

Depending on t h e  achieva3le  nozzle  e f f i c i e n c y  under t h e s e  

The mul t ip le -d isk  t u r b i n e  c o n s i s t s  o f  a series of c l o s e l y  spaced t n i n  

Fluid enters  tnrough nozzles  and i s  d i s k s  mounted s i d e  by s i d e  on a s h a f t .  

i n j e c t e d  i n t o  t h e  spaces  between t h e  d i s k s  t o  fol low an inward s p i r a l  pa th  t o  

a c e n t r a l  exhaust p o r t .  

s h e a r  stress on t h e  d i s k s ,  r e s u l t i n g  i n  a n e t  to rque  on t h e  s n a f t .  S ince  no 

d e t a i l e d  a n a l y s i s  f o r  two-phase f l o w  o p e r a t i o n  nas been made, i t  is n o t  pos- 

s ib l e  t o  comment on t h e  a p p l i c a b i l i t y  o f  t h i s  device .  S ince  t h e  b a s i c  mecha- 

nism fo r  t r a n s f e r  of momentun is f r i c t i o n a l  d rag ,  and t h e  p o s s i b i l i t y  t h a t  

During t h i s  passaze,  t h e  f l u i d  e x e r t s  a f r i c t i o n a l  

t h e  e n t r a i n e d  l i q u i d  d r o p l e t s  w i l l  b e  t h r u m  r a d i a l l y  outward by c e n t r i f u g a l  

forces,  one can only s p e c u l a t e  t h a t  t u r b i n e  e f f i c i e n c i e s  majj be  l o w .  Consi- 

d e r a b l e  work has  been done to analyze  s i m i l a r  machines for opera t ion  from 

singl-phase f l u i d s .  The r e a d e r  is r e f e r r e d  t o  Kice (1975)  f o r  t h e s e  d e t a i l s ,  

and t o  Posse11 (1973) for information on machines he has  b u i l t .  

Pos it ive-Displacement $lachines 

As a class, posi t ive-displacement  expanders are l imi ted  i n  volume flow- 

rate c a p a c i t y  re la t ive  t o  turbo-machines. Fundamentally t h i s  is due t o  i n t e r -  

n a l  l o s s e s  r e l a t e d  t o  s o n i c  v e l o c i t y  i n  t h e . f l u i d .  Consequently, t h e s e  expan- 

d e r s  must be p h y s i c a l l y  l a r g e  t o  produce s i z n i f i c a n t  power o u t p u t .  

The h e l i c a l  r o t o r  expander is a posi t ive-displacement  device  which ope- 

ra tes  by d i r e c t  expansion of t h e  two-Fhase f l u i d  through meshing r o t o r s ,  as 



TABLE 4-2 

Classes o f  Expanders for T o t a l  Flow Appl ica t ions  

1. Impulse / reac t ion  machines 

Axial  flow - Curt i s /Rateau  steam t u r b i n e  . 
Radial in f low - Franc i s  t u r b i n e  and m u l t i p l e  d i s c  d rag  t u r b i n e  
Radia l  outflow - r o t a t i n g  nozz le  (pu re  r e a c t i o n ) .  Hero's t u r b i n e  m u l t i p l e  d i s c  t u r b i n e  - 

b l a d e l e s s  impulse o r  r e a c t i o n  d rag  t u r b i n e .  

2 .  

3 .  

P o s i t i v e  d imlacemen t  machines 

Helical screw expander 
Rota t ing  o s c i l l a t i n g  vane machine 

Imnulse machines 

Tangen t i a l  flow - Pe l ton  wheel, Re-entry t u r b i n e  
Axial  flow - DeLaval, C u r t i s  t u r b i n e  

.I 
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shown i n  F ig .  4-4. The f l u i d  e n t e r s  through a nozz le  c o n t r o l  va lve  i n t o  tne 

high p res su re  pocket a t  A .  A s  t h e  r o t o r s  r evo lve ,  t h e  pocket e longates  con- 

t i n u a l l y ,  g iv ing  r i s e  t o  a success ive ly  inc reas ing  volume from B t o  E ,  where 

exhaust occu r s .  This device  is  mechanically s imple ,  and has  t h e  advantage of 

s e l f - c l e a n i n g  as a r e s u l t  of r o t o r - t o - r o t o r  and ro to r - to -case  r e l a t i v e  motion. 

NcKay and Sprankle (1974)  have r epor t ed  ope ra t ing  experience wi th  a h e l i c a l  

r o t o r  machine expanding b r i n e s  i n  t h e  Cerro P r i e t o  and East i4esa geothermal 

f i e l d s .  

du r ing  over 1000 hours of ope ra t ion .  

a series of clean-water tests a t  t h e  Lawrence Livermore Laboratory Geothermal 

Test F a c i l i t y  i n  o r d e r  t o  i n v e s t i g a t e  t h e  mechanical performance under a 

range of i n l e t  f l u i d  thermodynamic cond i t ions  [Weiss, e t  a l . ,  13751. 

They r epor t ed  t h a t  no scale depos i t i on  problem had been de tec t ed  

T i i s  u n i t  also has r e c e n t l y  undergone 

The u n i t  t e s t e d  was an a i r  compressor u n i t  wi th  152 .4  mm (6- inch)  r o t o r s  

modified by R. Sprankle  of t h e  Hydrothermal Power C o . ,  i t d .  I n l e t  p re s su res  

t o  t h e  r o t o r s  was va r i ed  from 168 kPa  (24 .4  p s i a )  t o  527 kPa (76.5 p s i a ) ,  w i t h  

vapor f r a c t i o n s  ( q u a l i t y )  ranging  from 11.6% t o  33.38. 

p re s su re  was one atmosphere. 

3000 rpm, 53% at  23 kW f o r  4,000 rpm, and 55% a t  30 kW f o r  5000 rpm were ob- 

se rved .  

( 2 2 8  lb/kWh). 

In  a l l  t e s t s  t h e  exhaust 

iIaximum engine e f f i c i e n c i e s  o f  49% a t  16 kbl f o r  

The l a t t e r  f i g u r e  corresponded t o  a u t i l i z a t i o n  r a t e  of 104 kg/kWh 

I t  w a s  concluded t h a t  t h e  h e l i c a l  r o t o r  expander is a v i a b l e  candida te  

machine f o r  conversion o f  energy from hydrothermal wells by t h e  T o t a l  Flow 

process .  Add i t iona l  exper imenta l  work is i n  progress  a t  t h e  Lawrence Livermore 

Laboratory t o  exp lo re  t h e  complete 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 another  machine 

designed s p e c i f i c a l l y  for  t h e  geothermal hybr id  a p p l i c a t i o n s .  

i n  a d d i t i o n ,  House (1376) has completed an a n a l y s i s  of p o t e n t i a l  app l i ca -  

t i o n s  f o r  t h e  h e l i c a l  r o t o r  expander. He concludes t h a t  enc ine  e f f i c i e n c i e s  

w i l l  g e n e r a l l y  b e  below 70% because o f  an expansion r a t i o  l i m i t a t i o n  of 1 5  and 
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a maximum p r e s s u r e  d i f f e r e n t i a l  of 758 k P a  (110 ps i ) . imposed  by conductions 

of mechanical s t r e n g t h .  

4-1, h e  c a l c u l a t e s  expander s i z e s  f o r  s i n g l e  s t a g e  expansion t o  4 9 O C .  

r e s u l t s  i n d i c a t e  t h a t  a 40 MWe machine w i l l  have r o t o r  diameters varying from 

With r e f e r e n c e  t o  t h e  r e s e r v o i r  cond i t ions  i n  Table 

His 

12.7 m (41.6 f t )  t o  9.0 m (29.6 f t )  wi th  l e n g t h s  vary ing  from 19.0 m (62.4 f t )  

t o  13.5 m (44.4 f t ) ,  r e s p e c t i v e l y .  For a 10  MWe o u t p u t ,  t h e s e  s i z e s  are re- 

duced by h a l f .  

s t a g i n g  o r  by us ing  t h e  expander i n  combination wi th  vapor t u r b i n e s .  

pears  t h a t ,  because o f  t h e  l a r g e  s i z e s  r equ i r ed  f o r  s inglce ' s tage  expansion t o  

These l a r g e r  s izes  can b e  reduced t o  more reasonable  va lues  by 

I t  ap- 

sub-atmospheric c o n d i t i o n s ,  more s u i t a b l e  appl ica t ions . : for  t h e  h e l i c a l  r o t o r  

expander are for  non-condensing, low-power ou tpu t  u ses  or i n  hybrid systems 

w i t h  h e l i c a l  r o t o r  exhaust p re s su res  above one atmosphere (See a l s o  E l l i o t t ,  

1975) .  

Fu r the r  work is requ i r ed  and is i n  progress  t o  more completely i n v e s t i -  

g a t e  t h e  p o t e n t i a l  of t h e s e  inechines f o r  s p e c i f i c  a p p l i c a t i o n s .  

c a p i t a l  loss r e s u l t i n g  from t h e  unavoidably l a r g e  p h y s i c a l  dimensions o f  pos i -  

t i v e  displacement devices  may l i m i t  t h e i r  use f o r  c e n t r a l  power gene ra t ion .  

The high 

Impulse Machines 

Based on t h e  p re sen t  understanding of a l l  requi rements ,  and p a r t i c u l a r l y  

t h e  need f o r  i n h e r e n t l y  s imple ,  compact machines, pure impulse dev ices  have 

s i g n i f i c a n t  advantages.  Because o f  geometric cons ide ra t ions  t h e  a x i a l  flow 

machine c u r r e n t l y  appears  t o  b e  t h e  most promising conf igu ra t ion  f o r  t h e  T o t a l  

Flow a p p l i c a t i o n .  Figure 4.5 is a s i m p l i f i e d  view of an a x i a l  flow impulse 

t u r b i n e ,  and a l s o  i l l u s t r a t e s  t h e  b a s i c  elements of o t h e r  impulse machines.. 

Expansion o f  t h e  two-phase wellhead product through a converging-diverging 

' 

nozzle  conver t s  t h e  b r i n e  thermal  energy a t  high wellhead p res su res  a t  2 t o  

k i n e t i c  energy i n  t h e  form o f ' a  h igh  v e l o c i t y  f l u i d  stream a t  the 'backpres su re  3 ' .  
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The nozzle v e l o c i t y  c o e f f i c i e n t ,  TI, is t h e  r a t i o  o f  a c t u a l  v e l o c i t y  t o  t h e  

i d e a l  e x i t  v e l o c i t y  from an i s e n t r o p i c  expansion from 2-3,  bo th  v e l o c i t i e s  

be ing  taken  f o r  a homogeneous mixture.  The wheel e f f i c i e n c y ,  e i s  a mea- 

sure of t h e  a b i l i t y  o f  t h e  wheel t o  convert  t h e  f l u i d  k i n e t i c  energy t o  s h a f t  

work. I t  is  a coinplex f u n c t i o n  o f  b l ad ing  geometry, t u rbu lence ,  f l u i d  f r i c -  

t i o n ,  en t r ance  and e x i t  l o s s e s  , fanning  l o s s e s ,  e tc .  'ilie t u r b i n e  engine e f f i -  

c i ency ,  e then  w i l l  b e  TI ew, as noted i n  Fig.  4 .5 .  "!-:e f a c t o r  rl  r ep re -  

s e n t s  t h e  nozz le  e f f i c i e n c y ,  o r  i t s  a b i l i t y  t o  convert  thermal energy i n t o  

k i n e t i c  energy. 

I t  is clear t h a t  t h e  b a s i c  problem of des igning  an e f f i c i e n t  t o t a l  flow 

w' 

2 2 
t '  

impulse t u r b i n e  is twofold: 

two-phase f l u i d s ,  and development o f  e f f i c i e n t  b l ad ing  f o r  momentum t r a n s f e r .  

development o f  e f f i c i e n t  nozz les  f o r  expansion o f  

Nozzle DeveloDment 

For y e a r s  t h e  convent iona l  wisdom has been t h a t  t h e  presence of more tnan 

about 5% mois ture  i n  steam w i l l  s e v e r e l y  reduce expansion e f f i c i e n c y  due t o  

s l i p  between phases.  This view has  been widely h e l d  and probably has been t h e  

r e s u l t  of t h e  historical t e c h n i c a l  d i r e c t i o n  t a k e n  i n  t h e  s t e a m  t u r b i n e  indus-  

try. I t  is i n s t r u c t i v e  t o  t h i n k  i n  terms of t h e  r i g h t -  and le f t -hand  side of 

t h e  T-s  diagram f o r  steam. 

expansion of s a t u r a t e d  o r  superhea ted  steam where t h e  process  t r a v e r s e s  l i n e s  

o f  dec reas ing  q u a l i t y  du r ing  t h e  expansion t o  subatmospheric p r e s s u r e s ;  i . e . ,  

l i q u i d  d r o p l e t s  are c r e a t e d  by condensation du r ing  t h e  expansion. 

mal a p p l i c a t i o n s ,  t h e  expansion ( s e e  Fig..4-3) t akes  p l a c e  on t h e  l e f t  s i d e  of 

t h e  T-s c h a r t ,  where l i n e s  of i n c r e a s i n g  q u a l i t y  are t r a v e r s e d ;  i . e . ,  l i q u i d  is 

be ing  e l imina ted  by evapora t ion  dur ing  t h e  expansion. Consequently, i n  t h e  

l a t t e r  case, t h e  l i q u i d  f r a c t i o n  is d iminish ing  and t h e  l i q u i d  masses whether 

en t r a ined  o r  swept alone: flow boundaries tend  t o  decrease  i n  s i z e  and seg rega te .  

Typ ica l ly ,  convent iona l  steam power systems involve  

For geother- 
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For example, f o r  19% q u a l i t y  i n l e t  t o  34% c u a l i t y  e x i t ,  t h e  l i q u i d  d r o p l e t s  

would, if d i spe r sed  and monodispersed i n  s i z e ,  occupy o n l y  about 0.02% of t h e  

volume and would b e  s p c e d ,  on t h e  average ,  t e n s  of d r o p l e t  diameters a p a r t .  

This is c o n t r a r y  t o  convent iona l  steam power experience o f  t h e  right-hand s i d e  

expansion where l i q u i d  i s  c r e a t e d ,  and d r o p l e t s  tend t o  agglomerate. 

quen t ly ,  it appears  t h a t  t h e  convent iona l  wisdom may not  apply t o  expansion of 

low-quality steam, and t h a t  nozz les  can b e  designed wi th  high v e l o c i t y  c o e f f i -  

Conse- 

c i e n t s  f o r  t h i s  process .  

As p a r t  of t h e  experimental  work a t  t h e  ,Geothermal Test F a c i l i t y  [Weiss 

and Shaw, 19751 a t  Livernore Alger,[1975], i n  onder t o  develop high e f f i c i e n c y  

nozz le s ,  has  r e c e n t l y  designed and t e s t e d  nozz les  of  c i r c u l a r  c ros s - sec t ion ,  

and has  measured nozz le  t h r u s t  c o e f f i c i e n t s  i n  t h e  0 .92  t o  0 . 9 5  range .  This 

has increased  confidence t h a t  development o f  t u r b i n e  nozz les  wi th  c o e f f i c i e n t s  

g r e a t e r  than  0 .9  can Le acnieved. 

Experimental t h r u s t  c o e f f i c i e n t s  CT are presented  in Figs .  4-6 and 4-7 as 

a f u n c t i o n  o f  nozz le  backpressure. The d i f f e r e n t  curves demonstrate t h e  ef- 

fects of va r ious  nozz le  i n l e t  p re s su res  and 2 u a l i t i e s  wh i l e  t h e  i n l e t  en tha lpy  

remained s u b s t a n t i a l l y  cons t an t  (I.4axinum v a r i a t i o n  = 5 23 kJ/kg). 

i nc lude  d a t a  f o r  nozz les  $2, V 3 ,  and #4.(Fip,. 4-81, s i n c e  t h e  experimental  

The graphs 

e r r o r s  involved made i t  impossible t o  d i s t i n g u i s h  d i f f e r e n c e s  between t h e  res- 

p e c t i v e  d a t a  for each n o z z l e ,  as i n i t i a l l y  expected. 

By comparing Fig.  4-6 and 4-7 it is seen  t h a t  t h e  nozz les  appear t o  

o p e r a t e  more e f f i c i e n t l y  a t  h ighe r  plenum chamber p re s su res  f o r  a g iven  back 

p res su re .  

are t h e  complex shock wave processes  occur r ing  f o r  t h e  d i f f e r e n t  ope ra t ing  

Probably t h e  f a c t o r s  w i th  t h e  g r e a t e s t  i n f luence  on t h i s  phenomenon 

cond i t ions .  However, a l l  t h e  curves approach t h e  optimum ope ra t ing  cond i t ions  

wi th  t h r u s t  c o e f f i c i e n t s  i n  t h e  92-91, percent  range .  As previous ly  i n d i c a t e d ,  

t h i s  r e p r e s e n t s  nozz le  e f f i c i e n c i e s  i n  t h e  range  of 85-88%. The s i l h o u e t t e  of 
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I t h e  i s s u i n g  j e t  was photographed under condi t ions  of varying bdck pressure  
! 
I 
i 

ranging from over-expansion throuzh design t o  under-expansion. I t  vas con- 

firmed t h a t  t h e  peak t h r u s t  l o c a t i o n  corresponds t o  t he  o p e r a t i n g  condi t ion  

where no shock o r  expansion waves a re  present .  

i 

I 
! 

I 

i 

i 

Addi t iona l  a n a l y t i c a l  uo rk  on tvo-phase nozzle  iiesiFn [Comfort, e t  a l .  , 

19763 and fundamental mechanics of two-phase f l o x ,  f u r t h e r  v e r i f y  t h e  conclu- 

s i o n  t h a t  two-phase expansion can S e  e f f i c i e n t l y  accomplished by c o r r e c t  noz- 

z l e  d e s i c n .  Cxperinental  work is also c o n t i n u i n s  on development and t e s t i n g  

o f  nozzles  wi th  square  c ross -sec t ion  fo r  a p p l i c a t i o n  t o  t h e  geometric recyJire- 

ments of  t h e  inipulse t u r b i n e  schemat ica l ly  i l l u s t r a t e d  i n  Fig.  4-5.  P r e i i n i -  

nary t e s t  r e s u l t s  of  sqiic31.e c ross -sec t ion  Rozzles i n d i c a t e  t h a t  t h i s  geometry 

causes  no s i g n i f i c a n t  loss  i n  performance CAlger, 13761. 

I t  should b e  noted ,  however, t h a t  most o f  t h e  work t o  d a t e  has centezed 

around des ign  of machines uniquely s u i t e d  f o r  t h e  therxodynanic condi t ions  of  

t h e  high temperature  resources  i n  t h e  Imper ia l  Vallt?y; i . c .  , t h e  3 0 3 O C  reser- 

v o i r s  with wellhead cor.ditions l i s t e d  i n  T & l e  4-1. :Jerk is i n  progress t o  

explore  a p p l i c a t i o n  and des izn  o f  t o t a l  flow expanders and systems for t h e  

lower temperature  f l u i d s ,  h u t  f i n a l i z e d  r e s u l t s  are no t  y e t  a v a i l a b l e .  

Xomentum Transfer  i n  t h e  Turbine Blading 

One of t h e  main f a c t o r s  c o n t r i b u t i n g  t o  losses i n  wheel e f f i c i e n c y  is 

t h e  i n t e r a c t i o n  of l i q u i d  d r o p l e t s  with t h e  t u r b i n e  b l a d e  dur ing  passage of  

t h e  two-phase supersonic  flow. As a r e s u l t  of experimental  work and andly- 

t i c a l  s t u d i e s ,  [Comfort, 19771 has estimated t h e  range  of p o s s i b l e  wheel ef- 

f i c i e n c i e s ,  as shown i n  Figure 4-9. Tlie lower bound r e p r e s e n t s  very conser- 

v a t i v e  condi t ions  as noted,  x h i l e  t he  upper bound r c p r e s c n t s  an i d e a l  e f f i -  

ciency hased on geometry dlone.  

dence t!iat d r o p l e t  s i z e s  less  than 6 microns nay Le t y p i c a l .  The p o i n t  o f  

T:iere is some p r e l i a i n a q  experimental  evi-  
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Figure 4-9 is t5at t h e r e  is a wide l a t i t u d e  o f  p o s s i b i l i t i e s ,  and much exper i -  

mental  work is y e t  t o  b e  done b e f o r e  wheel e f f i c i e n c i e s  can b e  more a c c u r a t e l y  

determined. I t  should b e  noted i n  p a s s i n s ,  however, t h a t  even i f  t he  lower 

bound of 55% cannot b e  exceeded, t h e  T o t a l  Flow process  v i a  t h e  impulse tur- 

b ine  competes favorabljr w i th  t h e  s i n s l e  f l a s h  system. 

s i g n i f i c a n c e  s i n c e  t h e  T o t a l  Flow concept may b e  t h e  only p o s s i b i l i t y  f o r  u t i -  

This may have f u t u r e  

l i z a t i o n  of t h e  high tempera ture ,  b u t  high s a l i n i t y ,  b r i n e s .  

The fundamental problem is  t o  produce for i n l e t  t o  t h e  b l ade  en t r a ined  

l i q u i d  subdivided i n t o  d r o p l e t s  small enough t o  allow t h e , v a p o r  drag fo rces  

t o  d i r e c t  them around t h e  b l ade  cu rva tu re  wi thout  depos i t i on .  If l i q u i d  strikes 

t h e  b l ade  it adheres  and is thrown r a d i a l l y  outward ( C o r i o l i s  loss) caus ing  a 

loss i n  e f f i c i e n c y .  Assume t h a t  t h e  l i q u i d  con ten t  e n t e r s  t h e  b l a d e  as a s i z e -  

monodisperse popula t ion  of d r o p l e t s  of  d iameter  d .  

l e scence  and d e p o s i t i o n  is  a b s e n t ,  it is  a s t r a i g h t f o r w a r d  t a s k  t o  w r i t e  t h e  

If drop  c o l l i s i o n ,  coa- 

equat ions  o f  motion f o r  d r o p l e t  t r a v e r s a l  as s n o m  b e k w .  

Refer r ing  t o  F ig .  4-19, 

- 
= lFdrag s i n  a 

'Os a ' 'drag r 
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d r  
U v e  - r de /d t  'vr d t  

- -  
cos a = 3 s i n  a = 

're1 're1 

The equat ions  o f  motion are: 

Numerical s o l u t i o n  o f  t h e s e  t w o  coupled equat ions  g ive  d r o p l e t  trajec- 

tories for  a given d r o p l e t  s i z e ,  i n i t i a l  s l i p ,  vapor v e l o c i t y ,  and b l ade  

curvature. 

b lade  i n t e r a c t i o n s ,  and effects on b l ade  e f f i c i e n c y ;  i . e .¶  t h e  a b i l i t y  of 

t h e  b l ade  t o  t r a n s f e r  t h e  momentum of t h e  two-phase flow from t h e  nozzle.  

Curren t ly ,  t h i s  c o n s i s t s  p r imar i ly  o f  s t a t i c  b lade  t e s t i n g  wi th  t h e  appa ra tus ,  

shown i n  Fig. 4-11, which a l lows  both b lade  t h r u s t  and p res su re  d i s t r i b u t i o n  

measurements. The nozzle  is designed t o  produce a f l u i d  v e l o c i t y  equal  t o  

t h e  r e l a t i v e  f l u i d  v e l o c i t y  over  a moving b l ade  so t h a t  t h e  s t a t i c  t e s t  

system is an  approximate kinematic equ iva len t  of t h e  a c t u a l  cond i t ions .  

This  device  w i l l  be  used f o r  d e t a i l e d  i n v e s t i g a t i o n s  of d rop le t /b l ade  

i n t e r a c t i o n s ,  b lade  conf igu ra t ions ,  and v e r i f i c a t i o n  of a n a l y t i c a l  tech-  

n iques  t o  be u l t i m a t e l y  used f o r  t u r b i n e  design.  

Experimental  work has  been completed on c h a r a c t e r i z i n g  droDlet /  

The r e s u l t s  of t h e s e  exneriments jndicatm t h a t  t h a  iw.nnlet trajpCtor-,v 

p r o f i l e s  g e n e r a l l y  fo l low t h e  calculated pa ths  by comparing photographs of 

t h e  flow around b lades  ( s t a t i c a l l y  pos i t i oned)  with t h e  c a l c u l a t e d  trajec- 

tories as shown i n  Fig. 4-12. These experiments and a d d i t i o n a l  a n a l y t i c a l  

work on d rop le t /b l ade  i n t e r a c t i o n  and two dimensional/two-phase flow i n d i -  

cate t h a t  d r o p l e t  sizes, f o r  t h e  tes t  cond i t ions  r e l e v a n t  t o  t h e  3OOOC 

f l u i d s  (Table  4-11, are between 2 and 10  microns,  wi th  t h e  average being 

about  6 microns. 
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The major r e sea rch  effor t  w i l l  be d i r e c t e d  towards reducing d r o p l e t  

diameters  t o  less than  1 micron. The effect of d r o p l e t  s i z e  on wheel 

eff . ic iency i s  shown i n  Fig.  4-13. The lower dashed curve is c o n s i s t e n t  ' 

with Fig. 4-10 f o r  a symmetric b lade  of 0.1016 m (4" )  a x i a l  width,  Bo. 

s i g n i f i c a n t  p o i n t  here  i s  t h a t  even  i f  d r o p l e t s  cannot be reduced t o  less 

than  a micron, i nc reas ing  b l ade  width w i l l  p a r t i a l l y  compensate by adding 

&out 10% t o  t h e  wheel e f f i c i e n c v .  

w i l l  be  made by d r o p l e t  s i z e  reduct ion .  

droDlet  breakuD c u m e n t l v  being inves t iqa t ed .  

a b l e  engine e f f i c i e n c i e s  must await t h e  

t u r b i n e s  of  advanced des ign ,  incorpora t ing  t h e  necessary f e a t u r e s  f o r  d r o p l e t  

breakup. 

The 

The maim e a i n  i n  e f f i c i e n c y ,  of couFse, 

There a r e  s e v e r a l  methods f o r  

F i n a l  conclusions on achiev- 

e s u l t s  of t h i s  work and t e s t i n g  of 

I n  o rde r  t o  determine t h e  a p p l i c a b i l i t y  of  t h e  impulse t u r b i n e  f o r  

two-phase flow, performance t e s t s  of a s p e c i f i c a l l y  designed t u r b i n e  have 

been completed. 

Performance Tests 

A s i n g l e  s t a g e ,  a x i a l  f low, impulse t u r b i n e  has been designed and t e s t e d  

a t  reduced ou tpu t ,  s i n c e  only  a s i n g l e  nozzle  was used - about 5% admission 

(Comfort, 1977). 

l ead ing  and t r a i l i n g  edges could be designed i n  a n t i c i p a t i o n  of  s p e c i a l  

A s p e c i a l  r o t o r  was b u i l t  so t h a t  wide b l ades  with sharp 

problems a s soc ia t ed  wi th  two-phase f l u i d  dynamics. 

l a r g e  t o  inc rease  t h e  r a d i u s  of curva ture  of  t h e  flow pa th  so t h a t  d r o p l e t s  

would have a maximum p r o b a b i l i t y  of pass ing  between t h e  b lades  w i t h o u t  

impacting t h e i r  su r f aces .  

Blade width was made 

Sharp edges were necessary i n  order  t o  minimize 

phenomena a s soc ia t ed  wi th  supersonic  r e l a t i v e  v e l o c i t i e s  wi th in  t h e  b lade  

passage. 



TABLE 4-3 

T e s t  Condi t ions 

Fluid s t a t e  a t  nozzle en t r ance  

P = 2.53 ElPa (367 &/in  ) 

x = q u a l i t y  = 148 

T = 224OC (434OF) 

ho = 1.2 MJ/kg (526 Btu/lbm) 

= 0.59 k g / s  (1 .31  lbm/s) 

2 
0 

0 

0 

Exhaust p re s su re  and temperature 

P = 0.0137 MPa ( 2  l b / i n  ) 

Te = 12b°F 

2 
e 
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In order  t o  s impl i fy  cons t ruc t ion ,  sho r t en  development t i m e ,  and t o  c 
minimize costs, t h e  rotor  w a s  designed with i n t e g r a l  b lades  and was f a b r i -  

ca t ed  from a 7075-T6 aluminum forg ing .  

s t rength- to-weight  r a t i o  and machinabi l i ty .  

Aluminum was chosen f o r  i t s  high 

Fig. 4-14 shows t h e  r o t o r  be fo re  an e l e c t r o l e s s  n i c k e l  p l a t i n g  was 

app l i ed  t o  t h e  b lade  s u r f a c e s  for  water d r o p l e t  e ros ion  p ro tec t ion .  

p l a t e d  rotor is not s u i t a b l e  for  b r i n e  exposure. 

h a v e  s u f f i c i e n t  l i f e  for  t h e  l abora to ry  t e s t i n g  program. 

The 

It was designed only  t o  

The f i n a l  machining 

on t h e  r o t o r  hub w a s  completed after p l a t i n g  and t h e  f i n i s h e d  p a r t  w a s  t hen  

assembled wi th  t h e  steel s h a f t i n g .  The rotor  assembly w a s  balanced, and 

assembled i n t o  t h e  rotor  housing (Fig.  4-15). A s i n g l e  nozzle  w a s  used f o r  

t h e  machine because of l i m i t e d  flow-rate c a p a b i l i t i e s  of  t h e  t e s t  f a c i l i t y .  

The nozzle  w a s  suspended wi th  a four-bar l i nkage  so t h a t  a x i a l  t h r u s t  could 

be measured independently dur ing  performance t e s t i n g  of t h e  expander, 

Fig. 4-16. 

A dynamometer assembly, c o n s i s t i n g  of a hydraul ic  pump/motor was used 

both as a brake and as a motive source.  Performance of  t h e  expander was 

measured by us ing  t h e  brake mode, while  d i s k  f r i c t i o n  and windage losses 

were measured by us ing  t h e  hydraul ic  motor t o  d r i v e  t h e  r o t o r .  

The ope ra t ing  cond i t ions  used f o r  t h e  performance t e s t i n g  are summarized 

i n  Table  4-3. These ope ra t ing  cond i t ions  are s e l e c t e d  t o  be r e p r e s e n t a t i v e  

of t h e  thermodynamic cond i t ions  of w e l l  ou tpu t s  from t h e  r e s e r v o i r s  of t h e  

Sa l ton  Sea Geothermal F ie ld .  

The maximum engine e f f i c i e n c y  for t h e  s ing le-nozz le  test  was observed 

t o  be 23% a t  a b lade  speed r a t i o  ( t h e  r a t i o  of t h e  mean b lade  speed t o  t h e  

homogeneous i s e n t r o p i c  mixture v e l o c i t y  of t h e  f l u i d  e x i t i n g  t h e  nozz le)  

Q of 0.24. Tes t ing’was  done on t h r e e  s e p a r a t e  occasions and showed good 



-18- 

r e p e a t a b i l i t y .  Operation w a s  smooth and q u i e t .  The nozzle  t h r u s t  c o e f f i c i e n t  

was 0.83 dur ing  t e s t i n g  wi th  t h e  r o t o r .  This  w a s  lower than  t h e  0.94 t h r u s t  

c o e f f i c i e n t  measured dur ing  previous tests of t h e  nozzle  a lone.  

t h r u s t  c o e f f i c i e n t ,  C T ,  is def ined  as: 

The nozzle  

- T 
‘T - 

S 

(4-3) 

where T is t h e  measured t h r u s t ,  m is t h e  measured mass flow ra te ,  and V 

t h e  homogeneous mixture i s e n t r o p i c  v e l o c i t y .  

g r a d i e n t s  a s s o c i a t e d  wi th  b lade  r o t a t i o n  are not  as severe  i n  two-phase con- 

d i t i o n s  as would be  expected i n  s tandard  vapor  t u r b i n e s ,  they were probably 

l a r g e  enough t o  exp la in  t h e  lower performance. 

t h e  nozz le  and r o t o r  as w e l l  as improved nozz le  des ign  should e l i m i n a t e  t h i s  

problem. 

is 
S 

Although r a d i a l  p re s su re  

Larger s e p a r a t i o n  between 

A numerical  model was developed and was used t o  p r e d i c t  expander per- 

formance. 

b lade  passage t o  determine what happened t o  t h e  l i q u i d .  

s tandard  vapor t u r b i n e  l o s s e s ,  s p e c i a l  l o s s e s  a s s o c i a t e d  with d r o p l e t  impact 

and removal from t h e  b lades  were included i n  t h e  model. S t a t i c  cascade 

measurements i n  two-phase f low were used t o  determine t h e  performance of  

b lades  i d e n t i c a l  t o  those  on t h e  rotor. Th i s  information was used t o  

normalize t h e  vapor f l o w  po r t ion  of t h e  model. 

d i s k  f r i c t i o n  and windage were used t o  normalize t h e  d i s k  f r i c t i o n  and windage 

model i n  t h e  p r e d i c t i v e  technique,  

The model included c a l c u l a t i o n  of d r o p l e t  t r a j e c t o r i e s  w i th in  t h e  

I n  a d d i t i o n  t o  

Measured values  o f  combined 

The model was designed t o  allow e x t r a p o l a t i o n s  of  performance both f o r  

f u l l  admission and for  changes i n  d r o p l e t  diameter .  

p r e d i c t i o n s  were very  s u c c e s s f u l ,  as w i l l  be shown, and encourage b e l i e f  i n  

Single-nozzle  performance 

t h e  v a l i d i t y  o f  t h e  ex t r apo la t ions .  
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The present  numerical  model is only adequate for ,  impulse designs and 

cannot be used t o  select d e t a i l e d  b lade  contours  because t h e  vapor and l i q u i d s  

are not  f u l l y  coupled; i . e . ,  d r o p l e t s  a r e  a f f e c t e d  by t h e  vapor ,  but t h e  

vapor is assumed t o  be unaf fec ted  by t h e  d r o p l e t s  and thermodynamic e f f e c t s  

a r i s i n g  from paddle work t o  be absent .  

advanced b l ade  and nozz le  contours ,  a completely coupled model for  two- 

dimensions,  based on an a x i s t i n g  one-dimensional two-phase flow c a l c u l a t i o n  

I n  o rde r  t o  des ign  adequately more 

technique is necessary  and is c u r r e n t l y  being developed. 

The d e t a i l s  (Comfort, 1977) of t h e  numerical  model are beyond t h e  scope 

of t h i s  document. 

e x t r a p o l a t i o n  between t h e  s ing le-nozz le  and f u l l  admission resul ts ,  a 

s i m p l i f i e d  model w i l l  be  presented he re  t o  demonstrate some of t h e  charac- 

ter is t ics  t o  be expected. 

To provide t h e  r eade r  with some i n s i g h t .  however, i n t o  t h e  

Assuming f o r  t h i s  s i m p l i f i e d  model t h a t  no s l i p  e x i s t s  between t h e  vapor 

and l i q u i d  e n t e r i n g  t h e  t u r b i n e  b l ades ,  one may write t h e  express ion  for  

b lade  e f f i c i e n c y ,  eb. 

rate of vapor t o  mixture  equal  t o  x ,  r e l a t i v e  v e l o c i t y  c o e f f i c i e n t s  f o r  t h e  

For  an impluse t u r b i n e  with t h e  r a t i o  of  mass flow 

vapor and t h e  l i q u i d  equal  t o  Xv and XL, blade  speed r a t i o  (b l ade  speed/ 

nozz le  v e l o c i t y )  8 ,  and nozzle  ang le  8 t o  t h e  p lane  of t h e  wheel, one may 

w r i t e :  

where V V 

V 

and e x i t .  

is a r e l a t i v e  v e l o c i t y  and t h e  s u b s c r i p t s  1 and 2 r e f e r  t o  b lade  e n t r y  r 
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For a given b l ade  speed r a t i o  and nozz le  ang le ,  no h igher  conversion 

e f f i c i e n c y  can be achieved than  t h a t  i nd ica t ed  by eq,  (4-4) 

If a l l  o f  t h e  d r o p l e t s  impact t h e  b l ade ,  t hen  A L  = 0, which 

e f f i c i e n c y  o f  t h e  l i q u i d  k i n e t i c  energy conversion by 50%. 

l i q u i d  escapes  impact,  t h e  b lade  e f f i c i e n c y  express ion  must 

- with  A" = A L  - 

reduces  t h e  

If some of t h e  

be expanded t o  

1. 

inc lude  t h o s e  effects. 

he re in  w i l l  assume t h a t  a l l  o f  t h e  l i q u i d  impacts t h e  b l ade ,  i . e . ,  

To maintain a s i m p l i f i e d  approach, t h e  a n a l y s i s  

= 0. L 

Actual  numerical  r e s u l t s  t o  be presented  i n  t h e  next  s e c t i o n  do no t  r e q u i r e  

t h i s  s i m p l i f i c a t i o n .  

The optimum speed ra t io  can be  de f ined  by d i f f e r e n t i a t i n g  % with  r e s p e c t  

t o  B and equat ing  t h e  d e r i v a t i v e  t o  zero: 

whence 

1 = - cos0 'optimum 2 

To conver t  t h e  b lade  e f f i c i e n c y  t o  a n  engine e f f i c i e n c y ,  e t h e  l o s s e s  t '  

due t o  d i s k  f r i c t i o n  and t o  r a d i a l  l i q u i d  removal, ed and e 

tracted f r o m  t h e  blade efficiency modified by t h e  square  of t h e  nozz le  

t h r u s t  c o e f f i c i e n t :  

must be sub- 
C '  

e = Cf(e,, - e - e,) t C 

where 

2 e = a f ( 8  1 
C 

2.85) 
e a g ( P ,  8 d 

where f ,  g denote  " func t ion  o f . .  . I 1  

(4-6) 
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The q u a n t i t y  a i n  t h e  express ion  f o r  t h e  l i q u i d  removal r e p r e s e n t s  t h e  

f r a c t i o n  of t h e  l i q u i d  mass flow r a t e  which must be removed r a d i a l l y ,  whi le ;  

p ,  i n  t h e  d i s k  f r i c t ion  and windage l o s s  express ion  refers t o  t h e  e f f e c t i v e  

d e n s i t y  of t h e  f l u i d  surrounding t h e  r o t o r .  

The i d e a l  optimum speed ra t io  is v a l i d  only when t h e  d i s k  f r i c t i o n  and 

windage, and pumping losses are small r e l a t i v e  t o  t h e  f i r s t  term. 

s ingle-nozz le  t e s t ,  t h e  d i s k  f r i c t i o n  and windage and l i q u i d  removal l o s s e s .  

Fo r  a 

can seve re ly  affect t h e  b l ade  speed r a t i o  a s soc ia t ed  wi th  t h e  peak e f f i c i e n c y ,  

s h i f t i n g  it toward a lower value.  This ,  i n  t u r n ,  decreases  t h e  b lade  

e f f i c i e n c y  because t h e  b lade  speed r a t i o  is reduced. .Eor f u l l  admission, t h e  

d i s k  f r i c t i o n  and windage l o s s ,  f o r  a given b lade  speed r a t i o ,  is inve r se ly  

p ropor t iona l  t o  t h e  mass flow rate,  while  t h e  l i q u i d  removal l o s s  is propor- 

t i o n a l  t o  t h e  mass flow rate  if a l l  d r o p l e t s  impact t h e  b lade  and are 

r a d i a l l y  removed. 

t o  power ou tpu t  f o r  increased  admission, whereas t h e  d i s k  f r i c t i o n  and 

windage l o s s  f r a c t i o n  i s  reduced. As admission is increased ,  t h e  optimum 

blade  speed r a t i o  i n c r e a s e s ,  bu t  s i n c e  t h e  l i q u i d  removal loss  is propor- 

t i o n a l  t o  t h e  b lade  speed r a t i o  squared, t h e  l o s s  f r a c t i o n  inc reases .  

Thus, t h e  l i q u i d  removal loss is not  diminished r e l a t i v e  

With t h i s  b r i e f  i n t roduc t ion  t o  some of t h e  phenomena involved,  t h e  

r e s u l t s  (from t h e  numerical  model) w i l l  nex t  be compared wi th  t h e  exper- 

imental  r e s u l t s  and then t h e  numerical model w i l l  be used t o  e x t r a p o l a t e  

t o  f u l l  admission and t o  an advanced design.  

*om t h e  numerical  model compare very w e l l  w i t h  t h e  experimental  r e s u l t s ,  

As noted,  t h e  upper c a l c u l a t e d  band assumes t h a t  d i s k  f r i c t i o n  and windage 

losses are as soc ia t ed  wi th  t h e  vapor d e n s i t y  on ly ,  w h i l e  t h e  lower band 

assumes t h a t  they  are a func t ion  of t h e  two-phase mixture dens i ty .  The 

upper and lower l i m i t s  of each of t h e  bands are determined by nozzle  modeling 

u n c e r t a i n t y  and are f u l l y  descr ibed  by Comfort,C1977). The resul ts  of s ta t ic  

Fig. 4-17 v e r i f i e s  t h a t  r e s u l t s  

4 
. 
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cascade t e s t i n g  ind ica t ed  t h a t  a l l  e n t e r i n g  d r o p l e t s  impacted t h e  b l ade  

passages and l e f t  a t  n e g l i g i b l e  ve loc i ty .  Droplet  s i ze  estimates i n d i c a t e  

t h a t  t h e  d r o p l e t s  are probablv between 2.7 and 7 microns i n  diameter .  

Resul ts  of  t h e  performance p r e d i c t i o n s  i n d i c a t e  t h a t  they  are g r e a t e r  t han  

2 . 2  microns because t h i s  is t h e  l a r g e s t  s i z e  of  d r o p l e t  t h a t  can pass  through 

t h e  b lade  passage without  impact. Hence, i f  d r o p l e t s  are g r e a t e r  than  2 . 2  

microns i n  d iameter ,  a l l  d r o p l e t s  impact t h e  b l ade  passage -- as is  ind ica t ed  

by t h e  r e s u l t s .  The b l ade  speed r a t i o  ind ica t ed  Fig. 4-17 f o r  t h e  peak power 

po in t  of  t h e  experimental  d a t a  l i e s  between t h e  two c a l c u l a t e d  bands. 

is s i g n i f i c a n t  because,  as was shown, t h e  optimum b lade  speed r a t i o  f o r  t h i s  

impulse t u r b i n e  is p r imar i ly  dependent upon t h e  d i s k  f r i c t i o n  and windage 

and l o s s e s  a s s o c i a t e d  wi th  r a d i a l  removal of l i q u i d  d r o p l e t s  which have 

impacted t h e  blades.  

boundin,q c a l c u l a t i o n s  spans t h e  measured optimum speed r a t i o  i n d i c a t e s  t h a t  

t h e  mechanisms of d i s k  f r i c t i o n ,  windage, and l i q u i d  removal are w e l l  

modeled. Assuming a l l  d r o p l e t s  impact t h e  b lades  and are removed r a d i a l l y ,  

one would expect  t h a t  t h e  vapor d e n s i t y  would b e s t  approximate t h e  f l u i d  

surrounding t h e  ma jo r i ty  of t h e  r o t o r .  The r e s u l t s  i n d i c a t e  t h a t  t h i s  is 

not  t h e  case. 

walls and remixing wi th  t h e  vapor ,  i nc reas ing  t h e  e f f e c t i v e  d e n s i t y  of t h e  

f l u i d  mixture around t h e  r o t o r  and consequent ly  inc reas ing  t h e  f r i c t i o n  

f o r c e s  i n  a d d i t i o n  t o  t h e  power necessary  t o  accelerate r e l a t i v e l y  low 

v e l o c i t y  water p a r t i c l e s .  

Th i s  

The fact t h a t  t h e  optimum b lade  speed r a t i o  f o r  t h e  

Liquid d r o p l e t s  may be sp l a sh ing  o f f  t h e  rotor housing 

Fig. 4-18 shows e x t r a p o l a t i o n s  t o  a f u l l  admission performance for  t h e  

e x i s t i n g  r o t o r  des ign  and t o  an advanced des ign .  

t h e  f u l l  admissior. r e s u l t s  ref lect  t h e  nozzle  t h r u s t  c o e f f i c i e n t s  prev ious ly  

It should be  noted t h a t  
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measured f o r  t h e  nozz le  i n  t h e  l abora to ry .  Otherwise,  t h e  c a l c u l a t i o n  con ta ins  

t h e  same parameters f o r  t h e  f u l l  admission c a l c u l a t i o n  as f o r  t h e  p a r t i a l  

admission c a l c u l a t i o n .  The inc rease  i n  perfonmance is due p r imar i ly  t o  t h e  

diminut ion of t h e  effects of d i s k  f r i c t i o n  and windage s ince t h i s  loss becomes 

very small i n  comparison wi th  f u l l  admission power i n p u t ,  whi le  it is r a t h e r  

l a r g e  compared wi th  t h a t  o f  p a r t i a l  admission. 

r o t o r  t o  a t t a i n  a h ighe r  speed r a t i o ,  enhancing t h e  engine e f f i c i e n c y .  

bands are used t o  r e p r e s e n t  t h e  ex t r apo la t ed  performance o f  a f u l l  admission 

des ign  f o r  d r o p l e t  d iameters  greater than  2 . 2  microns,  and wi th  an assumed 

nozz le  t h r u s t  c o e f f i c i e n t  of 0.94. 

bands (dashed and s o l i d  l i n e s ,  r e s p e c t i v e l y )  is t h e  r e s u l t  o f  r a d i a l  l i q u i d  

removal l o s s e s .  The l o s s  a s s o c i a t e d  wi th  t h e  r a d i a l  removal o f  l i q u i d  from 

t h e  b l ades  is included i n  t h e  lower band ( s o l i d  l i n e s ) .  

This  diminut ion a l lows  t h e  

Two 

The d i f f e r e n c e  between t h e  upper and lower 

Though t h i s  loss is  

cer ta in  i n  t h e  s ing le-nozz le  des ign ,  it is no t  clear t h a t  it w i l l  e x i s t  i n  

t h e  f u l l  admission machine because t h e  n e a r l y  cont inuous flow may f o r c e  t h e  

l i q u i d  through t h e  b l ades  without  s i g n i f i c a n t  r a d i u s  change. The upper band 

(dashed l i n e s )  i n d i c a t e s  t h e  displacement  o f  t h e  lower band ( s o l i d  l i n e s )  due 

t o  removal o f  t h e  l o s s e s  a s s o c i a t e d  wi th  r a d i a l  pumping of t h e  l i q u i d  from t h e  

b lades .  The upper bound of bo th  bands is c a l c u l a t e d  assuming d i s k  f r i c t i o n  

and windage l o s s  is c o n t r o l l e d  by t h e  vapor d e n s i t y  and t h a t  t h e  s l i p  r a t i o  

( t h e  r a t i o  of  average l i q u i d  v e l o c i t y  t o  average vapor v e l o c i t y  a t  t h e  e x i t  

o f  t h e  nozz le)  is approximately 0.9. The lower bound of both bands is cal- 

c u l a t e d  assuming t h a t  t h e  d i s k  f r i c t i o n  and windage loss is  c o n t r o l l e d  by t h e  

mixture  d e n s i t y  and t h a t  t h e  s l i p  r a t i o  is  approximately 0.7. For t h e  f u l l  

admission performance, t h e  s l i p  r a t io ,  r a t h e r  than  t h e  f l u i d  d e n s i t y  assumed 

f o r  t h e  d i s k  f r i c t i o n  and windage, is t h e  major cause of t h e  d i f f e r e n c e  between 

t h e  upper and lower bounds of each band. 



The advanced des ign  assumes t h a t  t h e  d r o p l e t  s i z e  has been reduced t o  

1 micron, and t h a t  t h e  t h r u s t  c o e f f i c i e n t  remains 0.94. Under t h e s e  circum- 

s t a n c e s  it would be expected t h a t  t h e  l i q u i d  and vapor l e a v e  t h e  nozz le  w i t h  

very  n e a r l y  t h e  same v e l o c i t y .  

l i n e s )  is based upon vapor t u r b i n e  c o r r e l a t i o n s  o f  vapor f r i c t i o n  l o s s e s  and 

t h e  assumption of vapor-cont ro l led  d i s k  f r i c t i o n  and windage. 

bound o f  t h e  lower band is based upon b lade  vapor performance c o n s i s t e n t  wi th  

r e s u l t s  from s ta t ic  cascade tests and assumes t h a t  t h e  mixture d e n s i t y  c o n t r o l s  

d i s k  f r i c t i o n  and windage. 

cates t h e  performance i f  l i q u i d  r a d i a l  removal l o s s e s  are  omi t ted .  

r e s u l t i n g  from t h e  omission i s  n o t  as g r e a t  as i n  t h e  prev ious  case ( f u l l  

admission wi th  d r o p l e t  d iameters  g r e a t e r  t han  2.2 microns) because on ly  a 

small f r a c t i o n  o f  t h e  l i q u i d  impacts t h e  b l ades  when t h e  d r o p l e t s  are 1 micron 

i n  diameter.  

The upper bound o f  t h e  lower band ( s o l i d  

The lower 

The upper band f o r  t h i s  case (dashed l i n e s )  i n d i -  

The change 

The s ing le -nozz le ,  f u l l  admission e x t r a p o l a t i o n ,  and advanced des ign  

r e s u l t s  may be  compared i n  ano the r  way. 

losses a s s o c i a t e d  wi th  t h e  peak e f f i c i e n c y  p o i n t s  corresponding t o  t h e  d a t a  

and e x t r a p o l a t i o n s  shown in F i g .  4-18. I t  should be remembered t h a t  t h i s  

t a b l e  does n o t  i n d i c a t e  c a u s a l i t y ,  b u t  r a t h e r  a l o s s  summary a t  a p a r t i c u l a r  

ope ra t ing  cond i t ion .  For example, from t h e  s i n g l e  nozz le  r e s u l t s ,  one might 

conclude t h a t  t h e  d i s k  f r i c t i o n  is n o t  a d e t e r m i n i s t i c  l o s s  mechanism. 

However, d i s k  f r i c t i o n  is  n o t  an  independent f u n c t i o n ,  j u s t  as t h e  o t h e r  

losses l i s t e d  are n o t  independent func t ions .  In  t h e  case of d i s k  f r i c t i o n ,  

i ts  n e a r l y  cub ic  r e l a t i o n s h i p  wi th  b l ade  speed r a t i o  and i ts  l a r g e  r e l a t i v e  

magnitude compared t o  t h e  power ou tpu t  c a p a b i l i t y  o f  a s i n g l e  nozz le  t e s t  

f o r c e s  t h e  b l ade  speed r a t i o  t o  be  cons iderably  off-optimum. 

r e s u l t s  i n  t h e  s i g n i f i c a n t  loss ("geometry and nonaoptimum b lade  speed r a t i o " )  

which r e s u l t s  d i r e c t l y  from b lade  e f f i c i e n c y  r e l a t i o n s h i p s  as p rev ious ly  shown. 

Table 4-4 r e p r e s e n t s  a summary o f  

Th i s ,  i n  t u r n ,  



TABLE 4-4 

Loss d i s t r i b u t i o n  a t  peak e f f i c i e n c i e s  for sine;le nozzle  and f o r  ex t r apo la t ions  

t o  f u l l  admission and advanced des igns .  

F u l l  Admission" 
Bounds Ex i s t ing  

S ing le  Nozzle Design 
d > 2.2 um d > 2.2 vm 

Percent  Percent  Percent  

Loss D i s t r i b u t i o n  

S l i p ,  Liauid/Blade, 
V a D o r  F r i c t i o n  

Liquid Pumping 

Disk ' F r i c t i o n  and 
Windage 

Geometry E, Non-Optimum 
Blade Speed Ratio 

?!ozzle I n e f f i c i e n c y  

T o t a l  Losses 

1 7  33 

2 6 

4 41 

33 1 3  

2 1  1 0  

77 62 

Eneine Ef f i c i encv  23 38 

Shaf t  Power Output,  kW 

Notes 

33 1265 

34 

0 

4 1  

7 

11 

52 

1 

48 

87 

F u l l  Admission': 
Bounds Advanced 

Design 
d s l v m  

Percent  

14 

2 

e1 

6 '  

11 

33 

67 

2208 

Percent  

10 

0 

(1 

6 

11 

27 

73 

2415 

a23 nozzles  

Shaf t  ou tput  assumes no losses i n  raw f l u i d  d i s t r i b u t i o n  system f o r  f u l l  
admission. 



TABLE 4-5 

Resource U t i l i z a t i o n  Performance Comparisons 

Water rate" 
lb/kWh 
( g r o s s  1 

T o t a l  flow impulse t u r b i n e  system 

i n l e t :  2.53 MPa (367 l b / i n  a b s ) ,  14% q u a l i t y ;  

e x i t :  13.8 kPa ( 2  l b / i n  a b s )  

2 

2 

E x i s t i n g  des ign  - f u l l  admission e x t r a p o l a t i o n  

( 3 8  - 48% e f f i c i e n c i e s )  

Advanced des ign  - f u l l  admission 
# (70% e f f i c i e n c y )  

Other systems 

( c a l c u l a t e d  f o r  same tes t  cond i t ions )  

S i n g l e  f l a s h  (75% t u r b i n e  e f f i c i e n c i e s )  

Double f l a s h  (77%, 78% HP and LP t u r b i n e  e f f i c i e n c i e s )  

I i e l i c a l  r o t o r  expander (50% e f f i c i e n c i e s  wi th  atmospheric 

exhaus t )  

"Pure water 

ii Turbine engine e f  f i c i enc i - e s  are  quoted 

69 - 87 

47 

70 

54 

110 
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Performance P o t e n t i a l  of t h e  Impulse Turbine 

I n  summary, cons iderable  improvement can be expected i n  t u r b i n e  per for -  

mance as a r e s u l t  of d r o p l e t  s i z e  reduct ion .  The performance ind ica ted  

f o r  d r o p l e t s  smaller than  1 micron a l s o  r e q u i r e s  t h a t  s u f f i c i e n t  two- 

dimensional a n a l y t i c a l  methods are developed t o  improve two-phase blade and 

nozzle  design.  I n d e e d , . i t  appears  poss ib l e  t o  achieve t h e  r e sea rch  goa l  of 

70 percent  engine e f f i c i e n c y  f o r  t h e  machine. 

(Table 4-3) as r e p r e s e n t a t i v e ,  a 70 percent  engine e f f i c i e n c y  conve r t s  t o  a 

Using t h e  t e s t  condi t ions  

resource  u t i l i z a t i o n  rate (water r a t e )  f o r  pure water of 2 1  kg/kWh (47 lb/kWh) 

g r o s s ,  i.e. exc lus ive  of t h e  p a r a s i t i c  l oads  which would occur  i n  a t y p i c a l  

power p l a n t  app l i ca t ion .  

ven t iona l  conversion systems ope ra t ing  with t h e  same condi t ions .  

t a n t  imp l i ca t ion  i s  t h a t  t h e  number of w e l l s  r equ i r ed  f o r  a given power outpu 

is correspondingly reduced,  which i n  t u r n ,  reduces t h e  i n i t i a l  c a p i t a l  in -  

vestment s i n c e  t h e  c o s t  of wells is dominant. 

This  r e p r e s e n t s  a s i g n i f i c a n t  improvement over  con- 

The impor- 

1 P 5. ;-A" The p resen t  s t a t e -o f - the  a r t  for  t h e  impulse t u r b i n e  is a l r eady  com- 

p e t i t i v e  w i t h  e x i s t i n g  systems (Table 4-5). 

obta ined  from t h e  t e s t  r e s u l t s ,  conver t s  t o  87-69 lb/kWh r e s p e c t i v e l y .  Also,  

prel iminary c o s t  e s t ima tes  i n d i c a t e  t h a t  a 2 MWe t o t a l  flow system, inc luding  

The 38-48% engine e f f i c i e n c y ,  

condensing and cool ing ,  and f a b r i c a t e d  from b r i n e - t o l e r a n t  materials, would 
' 

c o s t  about 750 $/kW. T h i s  is c l e a r l y  a l r eady  compet i t ive  with convent ional  

systems which gene ra l ly  are est imated t o  c o s t  about 800 $/kW f o r  50 M W e  s i z e s .  

Even without  s i g n i f i c a n t  improvements i n  des ign ,  performance, and f a b r i c a t i o n  

methods for  product ion,  t h e  t o t a l  flow impulse t u r b i n e  is a l r eady  compet i t ive  

i f  t h e  economics of geometric s c a l i n g  are considered. 
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4.4.3.3 ComDarison of T o t a l  Flow ExDanders 
~~ 

I n  o r d e r  t o  achieve  t h e i r  h ighes t  e f f i c i e n c i e s ,  a l l  expanders must be  

designed uniquely f o r  s i t e  s p e c i f i c  cond i t ions .  

t o  provide a d e t a i l e d  comprehensive comparison of  a l l  candida te  expanders t o  

provide a gene ra l  assessment .  

s p e c i a l  conversion system o r  combination of systems (hybr ids ) .  I t  i s  in s t ruc -  

t i v e ,  however, t o  estimate t h e  spectrum o f  r e l a t i v e  s i z e s  t o  produce a nominal 

1 0  MWe ( g r o s s )  from t h e  range  o f  wellhead cond i t ions  l i s t e d  i n  Table  4-1. 

Fig.  4-19 summarizes c a l c u l a t i o n s  (House, 1976) comparing t h e  s i n g l e  s t a g e  

a x i a l  f low impulse t u r b i n e  wi th  a s i n g l e  s t a g e  h e l i c a l  r o t o r  expander. 

machines are r equ i r ed  t o  exhaust a t  49OC (3.5" Hg), condensing temperature ,  

and both are  assumed t o  have 70% engine e f f i c i e n c i e s ,  even though t h i s  may 

Hence, it is no t  p o s s i b l e  

Each r e source  type  w i l l  l i k e l y  r e q u i r e  a 

Both 

be o p t i m i s t i c  for  t h e  h e l i c a l  r o t o r  expander. Rotor o r  wheel d iameter  D is  

a r b i t r a r i l y  chosen as t h e  s i z e  c r i t e r i o n .  

t h e  p o s i t i v e  displacement dev ices  w i l l  l i k e l y  have l e n g t h s  g r e a t e r  t han  t h e  

d iameters ,  whi le  t h e  impulse t u r b i n e  wheel width is very  much less  than  i t s  

diameter .  

This is no t  e n t i r e l y  u s e f u l  s i n c e  

Fig. 4-19 g ives  approximate diameter  ranges  as shown. These s i m p l e  

comparisons c l e a r l y  i n d i c a t e  t h e  size advantage of t h e  impulse tu rb ine .  

Although no comprehensive system s tudy  has y e t  been made, t h e s e  r e s u l t s  g ive  

some idea  of re la t ive machine s i z e s  and,  i m p l i c i t l y  a t  l ea s t ,  g ive  an ind ica-  

t i o n  of  r e l a t i v e  c o s t s  t o  be expected. Again, it should be emphasized t h a t  

such a s i n g l e  parameter comparison must be viewed wi th  caut ion .  S i t e  s p e c i f i c  

cond i t ions ,  requirement for hybrid systems o r  combinations o f  expanders,  and 

s p e c i a l i z e d  a p p l i c a t i o n s  w i l l  be important  factors in f luenc ing  t h e  u l t imate  

choice  of expanders. Never the less ,  t h e  s i z e  advan?cge of t h e  impulse device  

is a major cons ide ra t ion  a long  wi th  i t s  r e l a t i v e  mechanical s i m p l i c i t y .  
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It should be mentioned t h a t  t h e  h e l i c a l  r o t o r  expander s i z e , c o u l d  be reduced 

by accept ing  a loss  i n  e f f i c i e n c y  f o r  a smaller s i z e  undergoing an incomplete 

expansion. 

d 

4.4.4 Brine Chemistry Effects 

Even though t h i s  chap te r  is  l i m i t e d  t o  d i scuss ion  of energy conversion 

concepts ,  it would no t  be complete without  some r e f e r e n c e  t o  t h e  a b i l i t y  of 

t h e  engines  under review t o  withstand t h e  h o s t i l e  environment produced by 

ope ra t ion  on t h e  high s a l i n i t y  geothermal b r ines .  

h e l i c a l  r o t o r  expander has  a n  inhe ren t  f e a t u r e  f o r  self-removal  of s c a l e ,  

and t h e  r e l a t i v e l y  low f l u i d  v e l o c i t i e s  through t h e  machine se rve  t o  reduce 

problems of e ros ion  of t h e  r o t o r s .  The impulse t u r b i n e ,  because of  high f l u i d  

v e l o c i t i e s  a c r o s s  t h e  b l ades ,  w i l l  r e q u i r e  s p e c i a l  m a t e r i a l s  f o r  e ros ion  r e -  

As previous ly  noted,  t h e  

s i s t a n c e .  Since a l l  of t h e  p re s su re  (and temperature)  drop occurs  i n  t h e  

nozzle ,  a non-rotat ing component, t h e r e  are s e v e r a l  o p p o r t u n i t i e s  for  s c a l e  

c o n t r o l ,  such as keeping t h e  nozzle  w a l l  h o t ,  pe r iod ic  f l e x i n g ,  "porous" 

nozz les  f o r  boundary l a y e r  c o n t r o l ,  chemical t rea tment  o f  t h e  b r i n e  t o  i n h i b i t  

s i l i ca  p r e c i p i t a t i o n ,  and use  of polymeric l i n e r s .  

Considerable work has  been completed toward f i e l d  t e s t i n g  methods f o r  

s c a l e  c o n t r o l  and m a t e r i a l s  eva lua t ion  f o r  cor ros ion/eros ion  r e s i s t a n c e  

( T a r d i f f ,  1977).  We have e s t a b l i s h e d  t h a t  scale depos i t i on  can be e l imina ted  

by a c i d i f i c a t i o n .  

4.5 by a d d i t i o n  of about 1 0 0  t o  200 ppm o f  hydrochlor ic  a c i d  comple te ly '  

eliminates s c a l i n g  of nozz les  when b r i n e  i s  expanding from wellhead (about  

2 2 O O C )  t o  atmospheric condi t ions .  

subjec ted  t o  t r e a t e d  and un t r ea t ed  b r i n e  showed t h a t  c o n t r o l  nozz les  sca led  

a t  a r a t e  of  about 0.25 mm/h, while  o t h e r  test  nozz les  remained c l ean  when 

exposed t o  a c i d i f i e d  b r ine .  A rough c o s t  a n a l y s i s  shows t h a t  a c i d i f i c a t i o n  

Dropping t h e  pH va lue  from 5.6 a t  t h e  wellhead t o  below 

P o s t - t e s t  examination of sec t ioned  nozzles  
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by H C 1  w i l l  add less  than  2 mils/kWh t o  t h e  cost of energy, i n d i c a t i n g  t h a t  

t h e  method w i l l  l i k e l y  prove economically feasible as w e l l .  Also, experimental  

i 

P- 

evidence now e x i s t s  t h a t  a c i d i f i c a t i o n  de lays  t h e  formation o f  and s t a b i l i z e s  

t h e  c o l l o i d a l  suspension of s i l ica  i n  t h e  cooled b r i n e .  Thus, plugging o f  

r e i n j e c t i o n  w e l l s  by normally occurr ing  suspended s o l i d s  might be avoided. 

I n  a d d i t i o n ,  concurren t  tests of t u r b i n e  b lade  materials sub jec t ed  t o  

t h e  high v e l o c i t y  a c i d i f i e d  b r i n e  streams leav ing  from t h e  tes t  nozz les  

i n d i c a t e  t h a t  t i t a n i u m  a l l o y s ,  p a r t i c u l a r l y  Ti-6A1-4VY are cor ros ion/eros ion  

r e s i s t a n t .  

r e s u l t s  are encouraging. 

d i scuss ion  of  t h e  problems involved i n  b r i n e  u t i l i z a t i o n .  

Although tes t  d u r a t i o n s  were g e n e r a l l y  less  than  100 h ,  t h e  

The r eade r  is r e f e r r e d  t o  Chapter 6 f o r  a d e t a i l e d  

t u r b i n e  wheel f e d  by f l u i d  pass ing  through nozz les  spaced around t h e  per iphery .  

Condensing would be accomplished by a modified barometr ic  condenser designed 

t o  s e p a r a t e  t h e  vapor f r a c t i o n  from t h e  l i q u i d  i n  o r d e r  t o  isolate  t h e  cool ing  

system. 

The s i g n i f i c a n t  concludion is t h a t  t h e  r e c e n t  t es t  d a t a  on t u r b i n e  per- 

formance, t h e  f i e l d  tests on scale c o n t r o l ,  and t h e  promising r e s u l t s  on 

material-tests a l l  i n d i c a t e  t h a t  t h e  Total Flow Concept has  moved from a 

4.4.5 A Poss ib l e  T o t a l  Flow Svstem 

Although t h e r e  are no t  y e t  p r e c i s e  i n d i c a t o r s  o f  t h e  outcome of  c u r r e n t  

development e f f o r t s ,  it is  l i k e l y  t h a t  each machine w i l l  f i n d  a unique p lace .  

The p resen t  view is t h a t  t h e  T o t a l  Flow Process  w i l l ,  however, emerge as a 

r e a l i t y  i n  some form. 

shown i n  Fig. 4-20 which i s  a n  a r t i s t ' s  concept ion syn thes i z ing  t h e  t e c h n i c a l  

facts c u r r e n t l y  available.  The basic element is a h o r i z o n t a l  ax ia l  f l o w  

One p o s s i b l e  system u t i l i z i n g  t h e  impulse t u r b i n e  is 

fa r -ou t  t o  a near-term technology f o r  geothermal a p p l i c a t i o n s .  

much more work needs t o  be done t o  e s t a b l i s h  performance l i m i t s  and 

Although 

1 
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r e l i a b i l i t y ,  it can be c l e a r l y  concluded t h a t  t e c h n i c a l  f e a s i b i l i t y  is 

e s t a b l i s h e d ,  t h e  key t e c h n i c a l  i s s u e s  are clear, s t r a t e g i e s  f o r  development 

are def ined ,  and t h e  economics of t h e  concept a r e  promising. 

The above d i scuss ion  h a s  emphasized t e c h n i c a l  a s p e c t s  and no at tempt  

has been made t o  p r o d u c e - e x p l i c i t  economic eva lua t ions .  

material a v a i l a b i l i t y  and f i n a n c i a l  f a c t o r s  are s p e c u l a t i v e  a t  t h e  time 

of wr i t i ng .  Re l i ab le  economic a n a l y s i s  r e q u i r e s  des ign  d a t a  and proven 

Future  c o s t s ,  

system components which do no t  y e t  e x i s t .  
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1 

* "  GLOSSARY 

Total Flow Concept - The a t tempt  t o  expand i n  equ i l ib r ium a low-quality 

two-phase l i q u i d / v a p o r  mixture over  t h e  f u l l  p ressure / tempera ture  range  

a v a i l a b l e  i n  o r d e r  t o  secu re  t h e  maximum p o s s i b l e  ( " t o t a l " )  en tha lpy  

drop  o f  t h e  mixture.  (4 .4 .3)  

Flashed Steam - Steam formed as a r e s u l t  o f  p r e s s u r e  r educ t ion  o f  b o i l i n g  water, 

The steam may be  expanded f o r  power. The r e s i d u a l  water may be f u r t h e r  

"flashed" o r  r e j e c t e d .  (4.4.3) 

Binary Cycle - A system employing two d i s t i n c t  working f l u i d s ,  e.g. water and 

i sobu tane ,  each undergoing i t s  independent work-producing c y c l e  and con- 

t r i f i u t i n g  t o  t h e  t o t a l  ou tput .  (4.4.2) 

Qua l i ty  ( o r  dryness  f r a c t i o n )  - The p ropor t ion  of vapor i n  u n i t  mass of a . 

s a t u r a t e d  l i qu id /vapor  mixture.  Mass p ropor t ions  are gene ra l ly  employed. 

Monodisperse - Refers t o  a d i s p e r s i o n  i n  which a l l  t h e  bubbles ,  drops o r  

p a r t i c l e s  are equa l  i n  s i z e .  (4.4.3.2) 

Ve loc i ty  C o e f f i c i e n t  - The nozz le  v e l o c i t y  c o e f f i c i e n t  i s  def ined  as t h e  r a t i o  

of t h e  Actua l  Ex i t  Veloc i ty /Veloc i ty  a f te r  I s e n t r o p i c  Expansion. (4.4.3.2) 

Iiomoqeneous Two-Phase Flow - This  term i s  employed when both l i q u i d  and vapor 

phases flow t o g e t h e r  without r e l a t i v e  v e l o c i t y ,  i . e . ,  t h e r e  is no "s l ip" .  

P o s i t i v e  Displacement Expander - A machine i n  which "displacement" work is  

done by t h e  working f l u i d  as it en la rges  i ts  volume by d i s p l a c i n g  a p i s t o n ,  

r o t o r  vane, e tc . ,  which t r a n s m i t s  t h e  work t o  t h e  ou tpu t  s h a f t .  

p r i n c i p l e  i s  d i f f e r e n t  from t h a t  of t h e  t u r b i n e  i n  which t h e  work is done 

by f l u i d  momentum change i n  t h e  moving b l ades .  

The 

(4.4.3.2) 

Q 



b 
t - 34- 

The fo l lowing  terms *fer t o  t h e  t u r b i n e .  (4.4.3;2) ' 
b 

F u l l  Admission - A t u r b i n e  has  f u l l  admission when t h e  working f l u i d  is 

admit ted t o  t h e  r o t o r  b lades  around t h e  complete per iphery  of  t h e  wheel. 

I n  P a r t i a l  Admission t h e  admission arc is less  than  360O. 

Impulse Turbine - A pure impulse t u r b i n e  is one i n  which t h e  working f l u i d  

enthalpy drop  occurs  wholly wi th in  t h e  f i x e d  ( s t a t o r )  expansion passages ,  

whether b l a d e s  o r  nozz les .  

Reaction Turbine - A pure  r e a c t i o n  t u r b i n e  is one i n  which t h e  working f l u i d  

enthalpy drop  occurs  wholly wi th in  t h e  moving ( r o t o r )  expansion passages 

whether b l ades  o r  nozzles .  

Turbine Efficiencies 

The nozz le  e f f i c i e n c y  is t h e  r a t i o  of t h e  e f f e c t i v e  enthalpy drop i n  t h e  

nozz le  t o  t h e  i s e n t r o p i c  enthalpy drop. 

The t u r b i n e  ( o r  engine)  e f f i c i e n c y  is t h e  ra t io  of  t h e  power de l ive red  

by t h e  s h a f t  t o  t h e  power equ iva len t  of t h e  i s e n t r o p i c  en tha lpy  drop.  

The b l ade  e f f i c i e n c y  is t h e  r a t i o  o f  t h e  k i n e t i c  energy u t i l i z e d  by t h e  

b lade  t o  t h e  k i n e t i c  energy de l ive red  t o  t h e  b l ade  by t h e  nozzle .  
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TOTAL FLOW 

DOUBLE 

SINGLE 

01 I I I 
150 200 250 300 

RESERVOIR TEMPERATURE ,OC 

SINGLE FLASH -75% ENGINE EFFICIENCY 

DOUBLE FLASH -75 O/o ENGINE EFFICIENCY, BOTH STAGES 

TOTAL FLOW -70 O/o EXPANDER EFFICIENCY 

ALL SYSTEMS ASSUMED TO HAVE 10% PARASITIC LOSSES 
NON -CONDENSIBLES -0% 
CONDENSING TEMP. = 49OC (12O0F) 

CALCULATIONS BASED ON PROfXRTIES OF PURE WATER 

FlG.4-2 PERFORMANCE COMPARISON OF TOTAL FLOW CONCEPT WITH THE 

FLASHED STEAM SYSTEM. 

FLASH 

FLASH 



f 
MIXED PHASE 

2 i ERATOR 

WELLBOTTOM - 
SATURATED 

FLUID IS ASSUMED =f: 
CONDENSER 

v 
SPENT BRINE 
AT 5 

A. SYSTEM COMPONENTS 

BARO- 

T 

b S  

NEGLECTING KINETIC AND POTENTIAL ENERGIES 

NET POWER OUT = m(h2- h3,) e, 
POWER LOST IN SPENT BRINE = O  

OVERALL THERMAL EFFICIENCY = 1 ::) 
B.THE PROCESS 

FIG. 4-3 THE TOTAL FLOW CONCEPT 

, 



ROTORS 0 @ @  

Plan section view 
I 

Side section view 

FIG. 4-4 HELICAL ROTOR EXPANDER :The working fluid is admitted at A.The effective passage expands in volume as the fluid 

traverses the passage in the sequence B-C-D-E. 



NEGLECTING 
T 

KINETIC AND POTENTIAL ENERGIES 

A h ,  = h 2 -  h3  

V 3 i = R V 3  =kg2 (h2-h3) 
= m ( h  - h  121 2 e, 

wwr 2 3  
.*. 42 e, =et 

FIG.4-5 THE AXIAL FLOW IMPULSE TURBINE 
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BACK PRESSURE, p3 /KPa 

F I G . 4 - 7 .  THRUST COEFFICIENT DATA AS A FUNCTION OF BACK PRESSURE AND NOZZLE INLET CONDITIONS 
FOR NOZZLES # 2 ,  # 3 , A N D # 4 .  
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FIGURE 4-8. NOZZLE NUMERICAL DESIGNATIONS AND DIMENSIONS 
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/ 

0 0.5 IO 1.5 2.0 2.5 30 

DROPLET DIAMETER, d/ym 

FIG.4-9 ESTIMATED RANGE OF POSSIBLE WHEEL EFFICIENCIES FOR AN AXIAL FLOW 

IMPULSE TURBINE 



FIG4-IO NOfATluq FOR OROPCET TRAJECTORY CALCULATIONS 





STEAM ENTRY CONDITIONS AT A :  
PRESSURE 103.4 K P a  ( 15, 161b/in2) 
TEMPERATURE 100°C ( 212OF ) 
VELOCITY 427 m / s  ( 1400 f t / s )  

ENTRY VELOCITY OF 
DROP 427 m / s  ( 1400in/s) 

DIAME T 'ER DROPLET 

0 I I N  

0 1  2 CM 
w 

FIG. 4-12 CALCULATED TRAJECTORIES OF DROPLETS TRAVERSING A 180° T U R N  
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FIG. 4-13 IDEALIZED ROTOR PERFORMANCE AS A FUNCTION OF DROPLET- 
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PERFORMANCE PREDICTION 
USING DISK FRICTION 8 WINDAGE 
BASED UPON VAPOR DENSITY 

d 

PERFORMANCE PREDICTION USING DISK 

PHASE MIXTURE DENSITY 
FRICTION 8 WINDAGE BASED UPON TWO- 

a DATA MEASURED 8-31-76 

0 DATA MEASURED 9-21-76 

0 DATA MEASURED 10-21-76 

\1,=697.7 m h  (2289fth) 

i 

I I I 1 I 

FIG.4-17 COMF#RISION OF EXPERIMEMAL DATA WITH TURBINE PERFORMANCE 

MODEL PREDICTIONS 
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FIG.4-18 EXTRAPOLATIONS USING THE NUMERICAL PERFOfWANCE MODEL 
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THE TOTAL FLOW CONCEPT 
FOR GEOTHERMAL ENERGY DEVELOPMENT 

BAROMETRIC CONDENSER1 
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F I G U R E  4-20. A R T I S T ’ S  CONCEPTION OF COMPLETE PLANT 




