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ABSTRACT 

Modular wellhead power p lants ,  based on t h e  

The 
. organic Rankine cycle, have proven r e l i a b i l i t y  w i t h  

h igh u t i l i z a t i o n  o f  t h e  a v a i l a b l e  resource. 
power cyc le  i s  adaptable t o  water o r  steam tempera- 
tu res  o f  18OoF t o  350OF. 
f l u i d  i s  a halogenated hydrocarbon r e f r i g e r a n t  
t h a t  i s  selected t o  prov ide h igh o v e r a l l  per for -  
mance. The working f l u i d  i s  nontox ic  and nonflam- 
mable. These features reduce system cos t  and pro- 
v ide safer  operation. 
one module which contains a l l  o f  t h e  heat exchan- 
gers, power turb ine,  a l t e r n a t o r  and contro ls .  The 
power p l a n t  can generate from 300 kW t o  over 
1000 kW. The l a r g e r  s ize  p l a n t s  u t i l i z e  add i t iona l  
heat r e j e c t i o n  modules. M u l t i p l e  p l a n t s  can be 
located a t  the  wellhead, producing several mega- 
watts. These p lan ts  can be on l i n e  i n  approxi- 
mately s i x  months from p r o j e c t  i n i t i a t i o n .  Oper- 
a t i n g  experience a t  t h e  Wineagle Power Pro ject ,  
located a t  Wendel Hot Springs, has demonstrated a 
p l  ant avai 1 abi 1 i ty greater  than 95% since commenc- 
i n g  commercial operat ion i n  September o f  1985. 
Module performance features and operat ing exper i -  
ence are discussed i n  the  paper. 

The power p l a n t  working 

Each power p l a n t  cons is ts  o f  

PRINCIPLE OF OPERATION 

The wellhead power p l a n t  i s  r e f e r r e d  t o  as a 
"Power Generation Module" o r  PGM. 
operat ion i s  described as fol lows: 

The p r i n c i p l e  o f  

Water- i s  used f o r  t h e  working f l u i d  i n  l a r g e  
u t i l i t y  power p lants .  The low molecular weight o f  
water requi res mul t i -s tage tu rb ines  t o  ob ta in  h igh 
ef f ic iency.  For Rankine engines w i t h  heat source 
temperatures be l  ow 8OO0F, organic  f 1 u i  ds w i t h  mole- 
c u l a r  weights greater  than t h a t  o f  water can pro-  
v ide h igh cyc le  e f f i c i e n c y  and r e s u l t  i n  simpler 
and less  c o s t l y  expanders. 
i n  t h e  PGM i s  a halocarbon-type r e f r i g e r a n t  t h a t  
i s  nontoxic, nonflammable and r e a d i l y  ava i lab le .  

The working f l u i d  used 

The main components of t h e  PGM are shown i n  
t h e  schematic of F igure 1. 
exchangers ( t h e  preheater/evaporator 1 which t r a n s -  
f e r s  energy from a heat source (such as geothermal 
ho t  water o r  steam) t o  t h e  working f l u i d .  
heat suppl i ed i s s u f f i c i e n t  t o  completely vaporize 
t h e  working f l u i d  which i s  a t  a r e l a t i v e  h igh 

It cons is ts  o f  heat 

The 

pressure. The vaporized working f l u i d  i s  expanded 
through a t u r b i n e  where s h a f t  power i s  produced t o  
d r i v e  a generator. 
t o  t h e  condenser where heat i s  r e j e c t e d  t o  a heat 
s ink  (such as t h e  evaporation o f  water o r  ambient 
a i r )  and t h e  working f l u i d  i s  condensed. 
l i q u i d  working f l u i d  i s  pumped from t h e  condenser 
back t o  t h e  preheater/evaporator, thus completing 
t h e  cycle. The PGM a lso  contains a c o n t r o l  system 
f o r  automatic and unattended s t a r t u p  and operat ion 
o f  t h e  PGM. The major components, i n c l u d i n g  con- 
t r o l s ,  are a l l  assembled i n t o  one module and then 
shipped t o  t h e  s i t e  f o r  i n s t a l l a t i o n .  
proach maximizes t h e  factorywork done under w e l l -  
equipped cond i t ions  and minimizes expensive f i e l d  
work. The PGM i s  t a i l o r e d  t o  match t h e  resource 
temperatures and f lows i n  order t o  prov ide t h e  
maximum u t i l i z a t i o n  o f  t h a t  resource. 

The working f l u i d  then f lows 

The 

This  ap- 
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FIGURE 1 

POWER POTENTIAL 

ERATOR 

CONDENS 

The generating p o t e n t i a l  o f  a geothermal r e -  
source f o r  various geothermal ho t  water tempera- 
t u r e s  and f l o w  r a t e s  i s  shown i n  F igure  2. Know- 
i ng t h e  geothermal water temperature and f 1 owrate, 
one can use t h i s  f i g u r e  t o  estimate t h e  p o t e n t i a l  
power output. As an example, assume a geothermal 
resource has a l i q u i d  temperature o f  250OF and 
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f lows a t  300 gpm. From Figure 2, t h e  resource 
could generate 330 kW o f  e l e c t r i c a l  power. It 
should be noted t h a t  t h e  power output i n  t h i s  f i g -  
ure i s  net output power, i.e., t h e  PGM p a r a s i t i c  
loads such as the  condenser and feed pump power 
have been accounted f o r ;  geothermal pump requi re-  
ments, i f  any, have no t  been accounted f o r .  S ing le 
PGM's can handle f l o w  r a t e s  up t o  1000 gpm. 
M u l t i p l e  PGM u n i t s  can accomnodate greater  f l ow  
r a t e s  and produce p ropor t i ona te l y  l a r g e r  output 
powers. The output  power from two-phase water- 
steam o r  steam alone i s  much greater  than t h e  
curves shown fo r  1 iqu id.  Temperatures above 35OoF 
can a l so  be accommodated w i t h  h igh  e f f i c i enc ies  by 
making minor mod i f i ca t i ons  t o  t h e  PGM. 

FLcwU47E. GPM 

FIGURE 2 

COMPONENT DESCRIPTION 

The preheater and evaporator are tube-and- 
s h e l l  heat exchangers i nco rpo ra t i ng  heavy wal led 
tub ing  f o r  long l i f e .  
s ide t o  f a c i l i t a t e  cleaning. 

The g e o f l u i d  i s  on t h e  tube 

Heat i s  r e j e c t e d  from t h e  PGM's by anevapora- 
t i v e  condenser. The evaporat ive condenser com- 
bines, i n t o  one u n i t ,  t h e  func t i ons  o f  a cool ing 

tower and a separate condenser. The condensing 
takes place i n s i d e  a tube bundle. Water i s  sprayed 
over t h e  e x t e r i o r  of t h e  tubes, and a i r  blowing 
through t h e  tube bundle evaporates the  water re -  
qui  red  f o r  cool i ng . 
qui res l ess  t o t a l  power than a separate cool ing 
tower and a tube-and-shell condenser. The water 
f l ow  r a t e  i n  t h e  evaporat ive condenser i s  much less  
than requi red f o r  a tube-and-shell condenser sup- 
p l i e d  by a coo l i ng  tower o r  cool ing pond and la rge  
water pumps w i t h  t h e i r  h igh power usage are not  
needed. This  approach improves t h e  e f f i c i e n c y  o f  
t he  PGM and i t  i s  l e s s  c o s t l y  i n  most cases. 

The evaporat ive condenser re -  

The r o t a t i n g  machinery includes t h e  turbine, 
generator and t h e  feed pump. 
e f f i c i ency ,  sing1 e stage design, direct-coupled 
t o  t h e  3600 rpm generator. This e l iminates the  
requirement fo r  a speed-reduci ng gearbox. The 
tu rb ine  b lad ing and nozzle design i s  based on the  
r e s u l t s  o f  aerospace research program. The b l  ad- 
i n g  uses a h i g h l y  r e f i n e d  contour and a manufac- 
t u r i n g  process t h a t  provides extremely good sur- 
face f i n i shes .  Turbine e f f i c i e n c i e s  o f  80% i n  a 
s ing le  stage have been achieved. 
i s  mechanica l lydr ivenby t h e  tu rb ine  output shaft .  

The t u r b i n e  i s  a h igh  

The feed pump 

This approach e l im ina tes  the number o f  energy 
conversions and improves ove ra l l  e f f i c i e n c y .  The 
feed pump d r i v e  i s  designed t o  provide h igh e f f i -  
c i  ency and 1 ow mai ntenance. 

The PGM can be suppl ied w i th  e i t h e r  an induc- 
t i o n  o r  synchronous generator which i s  d i r e c t l y  
connected t o  t h e  t u r b i n e  by a d r i v e  shaft. 
dard e l e c t r i c a l  output  i s  480 v o l t ,  3-phase, 60 
Hertz. 
because o f  t h e i r  ease i n  synchronizing t o  the l i n e .  

Stan- 

Induc t i on  generators are usua l l y  provided 

CONTROLS 

The PGM c o n t r o l s  prov ide f o r  automatic system 
The PGM operat ion i s  se l f -  s ta r tup  and operat ion.  

monitored and, i n  t h e  event t h a t  selected operat ing 
parameters are ou t  o f  l i m i t s ,  the modules w i l l  
automat ica l ly  shut down. Automatic telephone n o t i -  
f i c a t i o n  o f  a problem t o  an operator i s  provided. 
A f u l l - t i m e  operat ing s t a f f  i s  no t  required. 
the cond i t i on  t h a t  caused a shutdown i s  cleared, 
t he  u n i t  w i l l  automat ica l ly  r e s t a r t  and proper ly  
reconnect t o  t h e  power l i n e .  

When 

PGM PACKAGE 

The r o t a t i n g  equipment, cont ro ls ,  preheater 

The s t r u c t u r e  a lso supports the  evapora- 
and evaporator are packaged i n  a s t r u c t u r a l  s tee l  
frame. 
t i v e  condensers which are located above the other 
equipment. 
lockable, weatherproof, metal enclosure t o  provide 
environment p r o t e c t i o n  and secur i ty .  The module 
s i ze  i s  approximately 40 f e e t  long, 23 feet h igh 
and 10 f e e t  wide, and i s  arranged as shown i n  F ig -  
ure 3. 

The s t r u c t u r e  i s  enclosed w i t h i n  a 
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OPERATING EXPERIENCE 

The Wineagle Power P ro jec t  i s  located a t  
Wendel Hot Springs, approximately 24 mi les east of 
Susanvi l le,  C a l i f o r n i a .  The p l a n t  cons i s t s  o f  one 
w e l l  producing 800 gpm o f  ho t  water a t  228OF and 
two b ina ry  power modules (PGM's) producing a nom- 
i n a l  600 kWe ne t  a f t e r  a l l  p lan t  p a r a s i t i c s .  The 
PGM's generate' power a t  480 v o l t s  which i s  then 
transformed t o  34.5 kV and del ivered t o  PG&E v i a  
C. P. Nat iona l ' s  t ransmission l i n e .  The w e l l  i s  
produced by means o f  a 1 i n e  sha f t  downhole pump. 
The pump i s  d r i ven  by a 50 hp motor powered by the  
output  f rom the  PGM's. The PGM's were designed, 
b u i l t  and i n s t a l l e d  by Barber-Nichols Engineering 
Company. The modul e i n s t a l  1 a t i  on was compl eted i n  
the  summer o f  1985 and commercial operat ion com- 
menced on September 21, 1985. 
ber 21, 1985 and January 31, 1986, t h e  PGM's oper- 
ated 3007 hours out  o f  a poss ib le  3141 hours o r  
95.7% o f  t h e  time. The p r o j e c t  has been very suc- 
cessfu l  and plans are underway t o  d r i l l  add i t i ona l  
w e l l s  and add more PGM's i n  t h e  near fu tu re .  

Between Septem- 

The p l a n t  i s  completely automated. The en- 
t i r e  p lant ,  i n c l u d i n g  t h e  we l l  pump, i s  c o n t r o l l e d  
by e i t h e r  PGM. By pushing one but ton on the' PGM 
c o n t r o l  panel , t h e  p l a n t  w i  11 s t a r t ,  synchronize 
t o  t h e  power l i n e  and cont inue operat ion.  If t h e  
power l i n e  goes "down", t he  PGM's and t h e  downhole 
pump immediately shut down, s ince no power i s  
ava i l ab le  f o r  i t s  operat ion.  
i s  re-energized, t h e  PGM's r e s t a r t  t h e  downhole 
pump, then b r i n g  themselves on l i n e .  

When t h e  power l i n e  

Other operat ing parameters can cause e i t h e r  
PGM t o  shut down, and a f t e r  t h e  f a u l t  has cleared, 
t h e  PGM w i l l  r e s t a r t .  
swi tch ing func t i ons  are accomplished by a s o l i d -  
s t a t e  micro processor. 

The con t ro l  l o g i c  and 

The program can be e a s i l y  

mod i f i ed  on l o c a t i o n  o r  set  up t o  be 
reprogrammed v i a  telephone from Barber-Nichol s 
o f f i c e s  i n  Denver. I f  t h e  PGM's shut themselves 
down and are unable t o  r e s t a r t  w i t h i n  a reasonab 
time, a telephone d i a l e r  c a l l s  a predetermined 
contact  and n o t i f i e s  t h a t  person t h e  modules are 
down and r e q u i r e  add i t i ona l  a t tent ion.  

l e  

The PGM con t ro l  panel i s  shownin F igure 4. 
The t o p  p o r t i o n  o f  t h e  panel contains an annuncia- 
t o r  l i g h t  group. When t h e  PGM shuts down, one o r  
more l i g h t s  t u r n  on i n d i c a t i n g  t h e  reason f o r  t h e  
shutdown. The f a u l t s  may be i n  t h e  power l i n e  o r  
w i t h i n  t h e  module i t s e l f .  

FIGURE 4 
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FIGURE 5 

The two Wineagle Power Plant  PGM's are shown but ion  cabinet  passes through the transformer t o  
i n  F igure 5 .  The e l e c t r i c a l  power d ' i s t r i b u t i o n  the power g r i d .  Power metering by PG&E i s  on the  cabinet and t h e  transformer a lso  appear i n  t h i s  power s ide o f  the transformer. photo. The e l e c t r i c a l  power d i s t r i b u t i o n  cabinet  

receives power from each PGM and a lso supplies The Wineagle we l l  i s  approximately 400 feet  
Power t o  the downhole pump. A motor s t a r t e r  a t  the  from the  PGM's ,  The ho t  water i s  t rans fer red  by 

we l l  receives a s ignal  from e i t h e r  PGM t h a t  causes an 8; pipe, which i s  covered by dry  e a r t h  f o r  pro-  t h e  pump t o  operate. Output power from the  d i s t r i -  t e c t l o n  and i n s u l a t i o n .  A view o f  the  power p l a n t  

from the  we l l  i s  shown i n  F igure 6. 

FIGURE 6 
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t o  prov ide a once-a-day, 20-minute walk-around 
inspec t ion  t o  ensure t h a t  everyth ing i s  func t ion-  
i ng normal 1 y . 

PLANT INSTALLATION AND STARTUP 

I n s t a l l a t i o n  o f  t h e  PGM's takes about 3-4 
weeks. S i t e  preparat ion p r i o r  t o  a r r i v a l  of t h e  
PGM need be on ly  a s a t i s f a c t o r y  road base f o r  t h e  
t rucks  and cranes, and a concrete pad t o  support 
t h e  PGM. Figures 7 and 8 show t h e  PGM's being 
placed on t h e  concrete pads a t  t h e  Wineagle s i t e  
and t h e  condenser assembly being placed on t o p  of 
t h e  frames. Metal s i d i n g  i s  then added t o  t h e  
frame enclosing t h e  tu rb ine ,  generator, c o n t r o l s  
and heat exchangers p rov id ing  p r o t e c t i o n  f o r  these 
components. 
u les  and completion o f  t h e  geothermal f l u i d  p ip ing,  
makeup water supply and e l e c t r i c a l  l i n e s  t o  t h e  
modules, t h e  system i s  ready f o r  s ta r tup .  This  
process, i n c l u d i n g  debugging o f  t h e  t o t a l  system 
and t r a i n i n g  o f  l o c a l  personnel, w i l l  take 2-4 
weeks. Due t o  t h e  f u l l y  automated c o n t r o l  system, 
f u l l - t i m e  operators are no t  requi red.  Personnel 
from t h e  adjacent greenhouse complex are u t i l i z e d  

A f t e r  i n s t a l l a t i o n  o f  t h e  power mod- 

The s t a r t u p  o f  t h e  Wineagle p l a n t  took about 
e i g h t  weeks since t h i s  was the  f i r s t  i n s t a l l a t i o n  
o f  u n i t s  o f  t h i s  design. The downhole pump was 
no t  de l i vered  f o r  t h e  f i r s t  s i x  weeks o f  t h i s  
eight-week per iod  so we could no t  run  t h e  u n i t s  
w i t h  t h e  proper geothermal flow. The shakedown 
problems encountered were associated w i t h  t h e  
working f l u i d  feed pump seals and bearings, and 
several pressure and l e v e l  switches used i n  t h e  
c o n t r o l  l o g i c .  The problems w i t h  t h e  switches 
were cor rec ted  by changing the  type o f  swi tch used 
o r  changing t h e  l o c a t i o n  o f  the  swi tch i n  t h e  
system. The feed pump problems were solved by i n -  
corpora t ing  our own bear ing and seal design. 
feed pumps have accumulated over 12,000 hours of 
operat ion s ince these mod i f i ca t ions  were made. 

The 

FIGURE 7 

FIGURE 8 
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FIELD PERFORMANCE ACKNOWLEDGEMENT 

The downhole pump was i n s t a l l e d  and became The power p l a n t  i s  owned by Wineagle Develop- 
operat ional  on August 15, 1985. The power modules ers, a L imi ted Partnership. Carson Development o f  
operated approximately 70% o f  t h e  a v a i l a b l e  t ime Sacramento, CA i s  General Partner. The Wineagle 
from August 15 t o  September 21 when they commenced Power Pro jec t  i s  successful and p lans are underway 
f u l l - t i m e  commercial operation. Table I shows t h e  t o  d r i l l  add i t iona l  w e l l s  and add PGM's t o  i n -  
operat ing t ime and t h e  t ime a v a i l a b l e  t h a t  the  crease t h e  p l a n t  capacity. 
modules could operate on a monthly bas is  from Sep- 
tember 21, 1985 t o  March 31, 1986. The r a t i o  of 
actua l  PGM operat ing hours t o  maximum hours t h e  
u n i t  could run  i s  c a l l e d  t h e  p l a n t  " a v a i l a b i l i t y " .  
The a v a i l a b i l i t y  i s  averaging above 95%. 
t h i s  i s  very good consider ing t h e  l i m i t e d  t ime t h e  
p l a n t  has been i n  operation. 
t o r  i s  def ined as t h e  r a t i o  o f  t o t a l  kW-hr o f  
e l e c t r i c a l  energy de l i vered  t o  t h e  an t ic ipa ted  
kW-hr over a spec i f ied  t ime period. The p l a n t  
capaci ty  f a c t o r  f o r  t h i s  same per iod  has averaged 
109%. 

We f e e l  

P lan t  capac i ty  fac- 

The lower a v a i l a b i l i t y  t h a t  occurred dur ing 
October r e f l e c t s  problems encountered when the  am- 
b i e n t  temperatures f e l l  below f reez ing.  The prob- 
lem was f reeze up o f  t h e  a i r  l i n e s  t h a t  supply 
c o n t r o l  a i r  t o  t h e  evaporator l e v e l  c o n t r o l l e r .  
The problem was i d e n t i f i e d  and cor rec ted  by heat 
t r a c i n g  t h e  a i r  l i n e s .  
feed pumps i n  both u n i t s  dur ing March. The pump 
shaft f a i l e d  i n  U n i t  No. 1 and t h e  s h a f t  bearing 
wore out  i n  U n i t  No. 2. 
r e t r o f i t t e d  w i t h  a new Barber-Nichols design shaf t  
and bearings. 

Problems occurred w i t h  t h e  

The feed pumps have been 

TABLE I 

POWER PLANT AVAILABILITY 
TIME 
PERIOD 

9 / 2 1 / 8 5  
1011 1 8 5  

1011 1 8 5  
1 1 1 1  / a 5  

11 11 185 
1 2 / 1 / 8 5  

1 2 / 1 / 8 5  
1 / 1 / 6 6  

1 / 1 / 8 6  
1 / 3 1 / 8 6  

1 / 3 1 / 0 6  
2 / 2 8 / 8 6  

21 2 a t a 6  
3 / 3 1 / 8 6  

3 / 3 1 / 0 6  
4 / 1 5 / 8 6  

MODULE POWER 
HOURS GRID 

(2 MODULES) HOURS 

4 6 9 . 6  239 

1 3 4 5 . 5  733 

1 3 4 4 . 2  717 

1 4 6 0 . 4  7 3 9  

1 3 9 4 . 7  713 

1260 1 3 4 0  

1 0 5 4  1368 

716 7 1 9  

POWER PLANT 
AVAILABILITY 

9 8 . 2 %  

9 1 . 8 %  

9 3 . 7 %  

9 8 . 8 %  

97.9X 

94% 

77% 

9 9 . 6 %  
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