
Upstream H,S Removal From Geothermal Steam 

AP-2100 
Research Project 1 197-2 

Final Report, November 1981 
Work Completed, March 1981 

Prepared by 

COURY AND ASSOCIATES, INC. 
7625 West 5th Avenue 

Lakewood, Colorado 80226 

Project Manager 
G. Coury 

Prepared for 

Electric Power Research Institute 
3412 Hillview Avenue 

Palo Alto, California 94304 

EPRl Project Manager 
E. E. Hughes 

Geothermal Power Systems Program 
Advanced Power Systems Division 

DrjTRlBUTlOH OF THIS 00EUMEIT IS C#!IMITEO 



ORDER I NG I N FOR MATI ON 

Requests for copies of this report should be directed to Research Reports Center 
(RRC), Box 50490, Palo Alto, CA 94303, (415) 965-4081. There is no charge for reports 
requested by EPRl member utilities and affiliates, contributing nonmembers, US. utility 
associations, US. government agencies (federal, state, and local), media, and foreign 
organizations with which EPRl has an information exchange agreement. On request, 
RRC will send a catalog of EPRl reports. 

EPRl authorizes the reproduction and distribution of all or any portion of this report and the preparation 
of any derivative work based on this report, in each case on the condition that any such reproduction, 
distribution, and preparation shall acknowledge this report and EPRl as the source. 

NOTICE 
This report was prepared by the organization(s) named below as an account of work sponsored by the Electric 
Power Research Institute, Inc. (EPRI). Neither EPRI, members of EPRI. the organization(s) named below, nor any 
person acting on behalf of any of them: (a) makes any warranty, express or implied, with respect to the use of 
any information, apparatus, method, or process disclosed in this report or that such use may not infringe private- 
ly owned rights: or (b) assumes any liabilities with respect to the use of, or for damages resulting from the use 
of, any information, apparatus, method, or process disclosed in this report. 

Prepared by 
Coury and Associates, Inc. 
Lakewood, Colorado 



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



ABSTRACT 

The purpose of t h i s  p r o j e c t  was t o  eva lua te  a new heat exchanger process as a method 

f o r  removing hydrogen s u l f i d e  (H2S)  gas from geothermal steam upstream o f  a power 

p l a n t  t u r b i n e .  

so t h a t  noncondensable gases ( i n c l u d i n g  H2S) can be removed i n  t h e  form o f  a con- 

c e n t r a t e d  vent  stream. 
p l i s h e d  by use o f  o t h e r  processes such as t h e  commerc ia l ly  a v a i l a b l e  S t r e t f o r d  

process. The c lean condensate i s  reevaporated on t h e  o t h e r  s i d e  of t h e  heat  ex- 

changer u s i n g  t h e  heat  removed f rom t h e  condensing geothermal steam. The necessary 
heat t r a n s f e r  i s  induced by m a i n t a i n i n g  a s l i g h t  pressure d i f f e r e n c e ,  and consequent- 
l y  a s l i g h t  temperature d i f f e r e n c e ,  between t h e  two s ides o f  t h e  heat  exchanger. 

The process u t i l i z e s  a heat  exchanger t o  condense geothermal steam 

U l t i m a t e  d isposa l  o f  t h e  removed H2S gas may then be accom- 

Eva lua t ion  o f  t h i s  condensing and r e b o i l i n g  process was performed p r i m a r i l y  through 

the  t e s t i n g  o f  a smal l -sca le  14 m 

a t  The Geysers Power P l a n t  i n  n o r t h e r n  C a l i f o r n i a .  The f i e l d  t e s t  r e s u l t s  demon- 

s t r a t e d  H2S removal r a t e s  c o n s i s t e n t l y  b e t t e r  than 90 percent ,  w i t h  an average r e -  

moval r a t e  o f  94 percent. I n  a d d i t i o n ,  t h e  removal r a t e  f o r  a l l  noncondensable 

gases i s  about 98 percent .  Heat t r a n s f e r  r a t e s  were h i g h  enough t o  i n d i c a t e  accept- 

a b l e  economics f o r  a p p l i c a t i o n  o f  the  process on a commercial sca le .  The r e p o r t  

a l s o  i n c l u d e s  an e v a l u a t i o n  o f  t h e  c o s t  and performance o f  var ious  c o n f i g u r a t i o n s  o f  
t h e  system, and presents  des ign and c o s t  est imates f o r  a 2.5 MWe and a 55  MWe u n i t .  

2 2 (150 f t  ) v e r t i c a l  tube evaporator  heat  exchanger 
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EPRI PERSPECTIVE 

PROJECT DESCRIPTION 

This project (RP1197-2) evaluated a new method for removing both H2S and other 
noncondensable gases from geothermal steam upstream of the turbine. 
involved condensing and reboiling geothermal steam in a heat exchanger. 
important part of the work was the design, construction, testing, and analysis of a 
small experimental unit. This test unit had a nominal capacity of lOOO-lb/hr steam 
flow, which is equivalent to about 50 kW(e). 
plant, with cooperation and support from Pacific Gas and Electric Company (PG&E). 

The process 
The most 

It was operated at The Geysers power 

PROJECT OBJECTIVES 

The primary objective of the project was to measure the H2S removal capability of 
the upstream reboiler process. Additional 
objectives were to measure the heat transfer coefficient in the heat exchanger, to 
evaluate alternative design options, and to estimate technical and economic features 
of large units, units in the 2- to 55-MW(e) size range. 

Greater than 90% removal was expected. 

PROJECT RESULTS 

Average H2S removal was 94% with a standard deviation of 2%, which was based on 38 
measurements. 
parameters, but the dependence o f  H2S removal performance on either could not be 
discerned definitely from the test data. 

These measurements covered a range of steam conditions and operating 

The measured heat transfer coefficient had an average value of 3300 W/m2/'C 
(580 Btu/h/ft2/OF), with a standard deviation of 15%. 
coefficient is thought to be higher because the measured values were rendered 
inaccurate by a leak discovered at the conclusion of the test program. The leak 
biased the measured values toward the low side, but the size of the error is not 
known. 

The actual heat transfer 

Performance and cost estimates were made for three condenser-reboi ler sy 
for a 55-MW(e) plant. These included the design tested and two alternat 

tems s 
ve des 

zed 
gn 

V 



configurations. 
tube evaporator with smooth tubes) was estimated at about $8 million (1979 dollars). 
This includes about $2.5 million for a Stretford plant to process the H2S in the 
vent gas into elemental sulfur. The two alternative designs (vertical doubly fluted 
tubes and a horizontal spray evaporator) did not appear to offer significant cost 
reduction. 
of the plant output as compared to a plant with no H2S abatement system. 

Capital cost of a 55-MW(e) system of the type tested (a vertical 

Power consumed by this abatement technology is estimated to be 2 to 3% 

These results led to the following conclusions: 
nology, when combined with a Stretford unit, can meet requirements for over 90% H2S 
removal. (2) Capital cost and power consumption can be competitive with other 
abatement systems. 
gases (not just H2S), removing gases upstream of the turbine, being relatively 
simple, and having a low requirement for support personnel. 

(1) The performance o f  this tech- 

(3) The system has the advantages of removing all noncondensable 

As a consequence of the findings of this project, development and further testing o f  
the upstream condenser-reboiler process is continuing. PG&E and EPRI  are planning a 
pilot plant, sized at about 45,000-lb/hr steam flow or about 2.5-MW(e) equivalent, 
for evaluation at The Geysers power plant in 1982 and 1983. EPRI is planning to 
test the experimental unit at a f lashed-steam (hydrothermal) geothermal s i t e  and to 
measure performance over a wider range of conditions relevant to hydrothermal appli- 
cations. 

Evan E. Hughes, Project Manager 
Advanced Power Systems Division 
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SUMMARY 

BACKGROUND 

I n  1974, t h e  S t a t e  o f  C a l i f o r n i a  imposed s t r i n g e n t  environmental  standards on 

hydrogen s u l f i d e  (H2S) emissions from geothermal power p lan ts .  Th is  c o n t r i b u t e d  t o  
a de lay i n  t h e  l i c e n s i n g  o f  new p l a n t s  and none were l i c e n s e d  between 1974 and 1979. 

Dur ing t h i s  per iod ,  t h e  P a c i f i c  Gas and E l e c t r i c  Company (PG&E), owner and opera tor  

o f  The Geysers power p l a n t  p r o j e c t  i n  Nor thern C a l i f o r n i a ,  conducted an i n t e n s e  pro-  
gram t o  f i n d  s u i t a b l e  H2S abatement technology f o r  t h e i r  geothermal p l a n t s .  

From t h i s  e f f o r t ,  PG&E s e l e c t e d  one s e t  o f  abatement technology f o r  new p l a n t s  

and another  f o r  e x i s t i n g  p l a n t s .  The new p l a n t  approach was t o  change t h e  p l a n t  

des ign f rom baromet r ic  condensers t o  sur face  condensers t o  min imize H2S s o l u t i o n  

i n  t h e  steam condensate. Pr imary t rea tment  o f  t h e  o f f - g a s  i s  accomplished by 
means o f  a S t r e t f o r d  process, b u t  secondary t rea tment  o f  t h e  steam condensate 

i s  s t i l l  necessary. 

densate ( c o o l i n g  water )  has been i n s t a l l e d  a t  severa l  o f  t h e  o l d e r  p l a n t s .  

An i r o n  c a t a l y s t  method o f  H2S t reatment  i n  t h e  steam con- 

Both o f  these methods t r e a t  t h e  problem downstream o f  t h e  t u r b i n e .  I n  t h e  s h o r t  

r u n  these abatement methods can meet o r  exceed a p p l i c a b l e  standards;  however, t h e  

c o s t  i s  h i g h  and they  have in t roduced new opera t ing  and maintenance problems. 
Also, s i n c e  these methods cannot t r e a t  raw steam t h a t  must be vented Occasion- 

a l l y  f rom t h e  geothermal w e l l s  i n  con junc t ion  w i t h  power p l a n t  outages, these 

methods may prove i n s u f f i c i e n t  f o r  l o n g  term f u l l  f i e l d  development. 

As a r e s u l t  o f  t h e  e a r l y  e f f o r t s ,  a consensus emerged t h a t  removal o f  t h e  H2S 

upstream o f  t h e  t u r b i n e ,  i f  t h e  technology c o u l d  be developed, would have a 
number o f  o p e r a t i o n a l ,  environmental  and p o s s i b l y  c o s t  advantages. The Depart- 

ment o f  Energy and PG&E funded work on an upstream copper s u l f a t e  scrubber  concept. 

Recogniz ing t h a t  t h e  H2S problem would n o t  be unique t o  The Geysers and t h a t  second 

genera t ion  power p l a n t s  shou ld  have upstream abatement technology a v a i l a b l e  t o  them, 

E P R I  awarded a c o n t r a c t  t o  Coury and Associates i n  1978 t o  s tudy t h e  f e a s i b l i t y  of 

removing H2S upstream o f  t h e  t u r b i n e  by means o f  condensing and r e b o i l i n g  t h e  

geothermal steam. 
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OBJECT I V E 

The o b j e c t i v e  o f  t h i s  p r o j e c t  was t o  evaluate t h e  t e c h n i c a l  f e a s i b  l i t y  o f  

removing H2S and o t h e r  non-condensable gases from geothermal steam upstream o f  

t h e  t u r b i n e  by means o f  a condensing and r e b o i l i n g  process, and t o  est imate t h e  
c o s t  o f  commercial sca le  f a c i l i t i e s .  Technical  f e a s i b i l i t y  h inged on two f a c t o r s :  

H2S removal e f f i c i e n c y  and o p e r a b i l i t y  w i t h  l i t t l e  power loss.  The p r o j e c t  

i nc luded  process ana lys i s ,  hardware and t e s t  equipment design, i n s t a l l a t i o n ,  

f i e l d  t e s t ,  data ana lys i s ,  scale-up and c o s t  es t ima t ion .  

PROCESS AND HARDWARE DESIGN 

Based on mathematical modeling, i t  was est imated t h a t  b e t t e r  than 90 percent  o f  

t he  H2S cou ld  be removed by t h e  condense/reboi l  process over  a wide range o f  

steam cond i t i ons  i n c l u d i n g  H2S, C02 and NH3 concentrat ions.  For the  t y p i c a l  

p l a n t  a t  The Geysers, i t  was est imated t h a t  95 percent  o r  more cou ld  be removed 

from the  steam. 

w i t h  decreasing NH3 and inc reas ing  C02 concentrat ions.  

It was a l s o  est imated t h a t  H2S removal e f f i c i e n c y  would increase 

I n  t h i s  process geothermal steam, i n c l u d i n g  i t s  non-condensable gases, enters  one 

s i d e  o f  a hea t  exchanger where a l l  i s  condensed, except  a small  f r a c t i o n  t h a t  i s  
vented, as a c a r r i e r ,  t o  remove the  non-condensable gases. 

s u i t a b l e  f o r  d isposal  o f  t h e  H2S, e i t h e r  by t reatment  i n  a secondary process such 

as a S t r e t f o r d  u n i t  which conver ts  the  H2S t o  elemental  s u l f u r  o r  by r e i n j e c t i o n  

back i n t o  t h e  format ion.  

i t s  temperature r e l a t i v e  t o  t h e  incoming steam, and i s  t r a n s f e r r e d  t o  t h e  op- 

p o s i t e  s i d e  o f  t h e  hea t  exchanger. 

t h e  condensate t o  revapor i ze  t o  produce c lean steam f o r  t h e  tu rb ine ,  thus pro- 

v i d i n g  a cont inuous condensing and r e b o i l i n g  e f f e c t .  

The vent  steam i s  

The condensate i s  reduced i n  pressure, which reduces 

The temperature d i f f e r e n c e  so created causes 

The r a t e  o f  removal o f  gases i s  determined by how much o f  each gas d i sso l ves  i n  

t h e  l i q u i d  phase as t h e  e n t e r i n g  steam condenses. 

e q u i l i b r i u m  and t h e r e f o r e  t h e  H2S removal e f f i c i e n c y  i s  c o n t r o l l e d  by t h r e e  

fac to rs :  ( 1 )  t h e  p a r t i a l  pressure o f  t h e  gas i n  t h e  vapor phase; (2 )  t h e  mass 

r a t i o  o f  vapor t o  l i q u i d  i n  con tac t  w i t h  each o the r ;  and (3 )  t h e  pH o f  t h e  l i q u i d  

s o l u t i o n .  
p resen t  and t h e  t o t a l  pressure o f  t h e  system. 

depends on t h e  amount t h a t  i s  condensed; t h i s  r a t i o  i s  a f u n c t i o n  o f  t h e  ven t  
r a t e ,  because more steam i s  condensed as l e s s  steam i s  vented. The pH o f  t h e  

The amount o f  gas absorbed a t  

The p a r t i a l  pressure o f  t h e  gas depends on t h e  amount o f  t h e  gas 

The mass r a t i o  o f  vapor t o  l i q u i d  
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l i q u i d  s o l u t i o n  depends on t h e  d i s s o c i a t i o n  o f  t h e  gases a f t e r  they d i s s o l v e  i n t o  
t h e  l i q u i d  phase. The amount o f  d i s s o c i a t i o n  i s  determined by t h e  appropr ia te  

e q u i l i b r i u m  constants ,  which a r e  a f u n c t i o n  o f  temperature, and by t h e  concen- 

t r a t i o n  o f  t h e  var ious  gases i n  t h e  steam. Thus, t h e  major  v a r i a b l e s  t h a t  a f f e c t  

gas removal r a t e s  a r e  temperature, pressure,  gas composi t ion,  and t h e  percent  o f  

i n l e t  steam vented. 

The parameters t h a t  c o n t r o l  c o s t  are:  
sable gas t o  be removed; ( 2 )  t h e  h e a t  t r a n s f e r  area requ i red ;  (3 )  t h e  power 

p roduc t ion  p e n a l t y  f o r  t h e  l o s s  o f  steam i n  t h e  vent  streams; ( 4 )  t h e  power pro-  

d u c t i o n  p e n a l t y  f o r  t h e  drop i n  pressure o f  t h e  c lean steam; and (5 )  t h e  c r e d i t  

due t o  inc rease i n  power p roduc t ion  caused by t h e  r e d u c t i o n  i n  steam f l o w  r e q u i r e -  

ments f o r  o p e r a t i o n  o f  t h e  vacuum system. 

(1) t h e  amount o f  H2S and t o t a l  non-conden- 

Based on these cons idera t ions ,  a 0.113 kg/s (900 l b / h )  exper imental  u n i t  was 

designed and e r e c t e d  a t  U n i t  7 o f  t h e  PG&E f a c i l i t i e s  a t  The Geysers geothermal 

area i n  C a l i f o r n i a .  

t i n g  o f  50 tubes w i th  a t o t a l  sur face  area o f  14 m The i n l e t  steam 

was condensed on t h e  s h e l l s i d e  and t r a n s f e r r e d  t o  t h e  tubeside sump through a 

condensate t r a n s f e r  tank.  

t h e  condensate t o  t h e  t o p  o f  t h e  exchanger t o  p rov ide  f l o w  through t h e  tubes. 

Test  began i n  March, 1979. 

The u n i t  was a v e r t i c a l  tube f a l l i n g - f i l m  evaporator  cons is-  
2 2 (150 ft ) .  

A r e c i r c u l a t i n g  condensate pump was used t o  t r a n s f e r  

RESULTS 

F i e l d  Tes t  

Over 1000 hours o f  t e s t  t ime were accumulated on t h e  exper imental  u n i t .  
coming geothermal steam had an H2S c o n c e n t r a t i o n  o f  about 240 ppm. 

r u n  w i t h  una1 t e r e d  steam t o  e s t a b l i s h  performance under var ious  c o n t r o l  c o n d i t i o n s  

and t o  i n v e s t i g a t e  t r a n s i e n t  response. 

H2S was measured by i n j e c t i n g  H2S i n t o  t h e  incoming steam upstream o f  t h e  t e s t  

u n i t  t o  achieve concent ra t ions  up t o  800 ppm. 

The i n -  
Tests were 

Performance w i t h  h i g h e r  concent ra t ion  o f  

For  a l l  t e s t  cond i t ions ,  i n c l u d i n g  H2S concent ra t ions  f rom 134 t o  800 ppm, vent  
r a t e s  f rom l e s s  than 1 t o  17 percent ,  and h e a t  exchanger temperature d i f f e r e n c e s  

from 3 t o  2 7 O C  (5  t o  49OF), and w i t h i n  t h e  l i m i t a t i o n s  o f  measurement accuracy, 

H2S removal (H2S i n  ou tgo ing  steam d i v i d e d  by H2S i n  incoming steam) was over  

90 percent  i n  98 percent  o f  t h e  runs and averaged 94 percent  d u r i n g  t h e  t e s t  
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program. Total non-condensable gas removal was on the order of 98 percent with 
C02 accounting for  most of the non-condensables. I t  was n o t  possible t o  monitor a l l  
the factors  affect ing H2S removal, especially the N H 3  content of the incoming steam; 
however, comparison of the removal ra tes  obtained w i t h  the theoretical  predictions 
showed t h a t  the agreement was within the range expected f o r  the range of steam com- 
positions and vent ra tes  experienced during the t e s t s .  The H2S removal d i d  show an 
increase with increasing vent r a t e ,  b u t  n o t  qui te  as much as expected. 

The heat t ransfer  coeff ic ient  f o r  a l l  t e s t s  average 3268 W / ( m 2 S o C )  (576 B t u /  
( h . f t 2 . 0 F ) l ,  which was somewhat less  than expected b u t  w i t h i n  the range o f  values 
found for  commercial heat exchanger operation. The heat t ransfer  coeff ic ients  were 
calculated based on the amount of steam condensed as measured by the ra te  of 
condensate transferred through the condensate t ransfer  tank. However, i t  was dis- 
covered, d u r i n g  inspection of the uni t  a f t e r  the t e s t s  had been completed, tha t  
there was a s ign i f icant  amount of leakage between the tubesheet and the sump. 
leakage would r e s u l t  i n  a measured value of the condensation r a t e  tha t  i s  l ess  
than what actual ly  occurred, which in turn would r e s u l t  i n  a lower calculated value 
of the heat t ransfer  coeff ic ients  t h a n  was actual ly  experienced. F o u l i n g  of  the 
tubes d i d  n o t  appear t o  be a s ign i f icant  cause for  the lower than expected values, 
since a chemical cleaning of the u n i t  was conducted and did n o t  r e s u l t  in improved 
performance. Corrosion of the u n i t  was negligible.  There was evidence of some 
i n i t i a l  p i t t ing  of a welded connection, b u t  analysis showed i t  was caused by an 
improper weld material .  

Such 

These resu l t s  established the  technical f e a s i b i l i t y  o f  t h i s  technology to  meet o r  
exceed H2S emission standards, p r o v i d i n g  s imi 1 a r  performance can be achi eved a f t e r  
scale-up t o  commercial s i z e .  

In summary t h i s  process should be able  t o  achieve over 90 percent removal of H2S 
and other  non-condensabl e gases, operate a t  we1 1 head pressures and temperatures, 
and operate w i t h o u t  chemical additives t o  the main steam. 
for operation upstream of a turbine.  Upstream removal of H2S and other non- 
condensable gases has several advantages over processes which remove H2S down- 
stream of  the turbine.  These include: ( 1 )  the steam w i t h i n  the  turbine i s  
cleaner and less  corrosive which should r e s u l t  in increased turbine r e l i a b i l i t y ;  
( 2 )  H2S cannot get into the turbine condensate where i t  could require d i f f i c u l t  
l iqu id  phase treatment t o  meet plant H2S emissions requirements; (3)  the removal 
of non-condensables ahead of the turbine reduces the steam requirements f o r  the 
steam j e t  a i r  e jectors  which control the vacuum i n  the  main condenser;. and ( 4 )  
steam can be vented th rough  the upstream u n i t ,  as a stacking operation, when 

This makes i t  su i tab le  
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the power plant i s  n o t  operating, t h u s  avoiding the necessity t o  c lose down wells 
during such periods. 

System Cost 

The to ta l  cost  for  t h i s  type of H2S abatement system for  a 55-MW generating uni t  
was estimated t o  be $8.2 million including a Stretford u n i t .  
were made in 1979 dol la rs . )  
( 1 . 1  x 10 lb/h)  of steam in a two-stage heat exchanger system. The f i r s t  stage 
produces clean steam t o  r u n  the turbine.  
the second s tage where a lower pressure clean steam i s  produced t o  r u n  the steam 
j e t  a i r  e jec tors .  
where the H2S i s  converted t o  elemental su l fur .  
ance cos ts ,  including annualized capi ta l  charges a t  18.5 percent, would contrib- 
ute 4.4 mills/kWh t o  the e lec t r ica l  busbar costs .  

(Cost estimates 
This cost  i s  based on processing 139 kg/s 

6 

T h e  vent from the f i r s t  stage i s  fed t o  

The vent from the second stage i s  sent t o  a Stretford uni t  
Total operational and mainten- 

These costs 
l o s t  i n  the 
hand, these 
qui remen t s  
turbine e f f  
for  each ap 

do n o t  include any penalty for  l o s t  power production due t o  the steam 
vent stream and the lower pressure of the clean steam. 
costs a l so  do n o t  include any c r e d i t  f o r  the reduction i n  steam re- 
o r  the steam j e t  a i r  e jec tor  system o r  for  the possible increase i n  
ciency. 
l i c a t i o n  of the process. 

On the other 

These items would have t o  be assessed on an  individual basis 
For The Geysers, the net power loss  would 

be about 2 percent. I n  a case where the vent r a t e  required f o r  operating the 
heat exchanger process i s  l ess  than the steam j e t  a i r  e jec tor  requirements, there 
could be a net power increase.  

A1 ternate  Design Considerations 

In order t o  fur ther  optimize the design o f  the heat exchanger process, a prelim- 
inary design was completed for  a two-stage, 2.5-MW p i l o t  u n i t  based on removing 
95 percent o f  the incoming H2S from steam w i t h  a composition typical of t h a t  
found a t  The Geysers. 
and  would take 14 months t o  design and construct.  
months woul d provide comprehensi ve design data for :  

sables removal and heat t ransfer  ra tes  under various operating conditions; ( 2 )  
design features necessary f o r  best system performance; ( 3 )  equipment service- 
a b i l i t y  under unattended operation; ( 4 )  response t o  t rans ien t  and upset condi- 
t ions;  and ( 5 )  operating and capi ta l  costs of commercial-scale applications.  

I t  i s  estimated t h a t  such a uni t  would cost  $1,900,000 
A t e s t  program of 1 2  t o  16  

( 1  ) H2S removal , non-conden- 

Two a l te rna te  design options were studied f o r  t h i s  process, doubly f luted tubes 
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i n s t e a d  o f  smooth tubes i n  a v e r t i c a l  evaporator,  and t h e  use o f  a h o r i z o n t a l  

tube evaporator  i n s t e a d  o f  a v e r t i c a l  tube evaporator .  Both op t ions  inc rease 
t h e  condensing heat  t r a n s f e r  c o e f f i c i e n t  by decreasing t h e  th ickness of  t h e  

condensate l a y e r .  For  t h e  doubly f l u t e d  tubes, however, t h e  l e n g t h  o f  t h e  heat  

conduct ion p a t h  through t h e  tube w a l l  i s  increased and r e s u l t s  i n  a l a r g e r  w a l l  

res is tance.  The n e t  e f f e c t ,  due t o  low thermal c o n d u c t i v i t y  o f  t h e  s t a i n -  

l e s s  s t e e l  o r  t i t a n i u m  tubes normal ly  used w i t h  geothermal steam, i s  t h a t  t h e  

o v e r a l l  heat  t r a n s f e r  c o e f f i c i e n t  i s  n o t  increased s u f f i c i e n t l y  w i t h  doubly 

f l u t e d  tubes t o  o f f e r  much advantage o v e r  smooth tubes. 

des ign does have b e t t e r  o v e r a l l  heat  t r a n s f e r  c h a r a c t e r i s t i c s ,  however, and i t  

does appear t o  war ran t  f u r t h e r  i n v e s t i g a t i o n  as a means o f  reducing equipment 

s i z e  and c a p i t a l  costs .  

The h o r i z o n t a l  tube 

A p p l i c a t i o n  t o  Other  Geothermal F i  e l  ds 

Al though t h e  t e s t  data a r e  s p e c i f i c  t o  The Geysers, t h e  process has a p p l i c a t i o n  

t o  hydrothermal systems which generate steam by f l a s h i n g  geothermal l i q u i d .  i4ost 
l o c a t i o n s  u s i n g  a f l a s h  system a r e  expected t o  produce steam a t  a temperature 

and pressure comparable t o  c o n d i t i o n s  a t  The Geysers. Al though t h e r e  a r e  wide 

v a r i a t i o n s  i n  t h e  H2S and non-condensable gas concent ra t ions  among t h e  var ious  

hydrothermal resources, t h e  advantages o f  an upstream process l i s t e d  e a r l  i e r  
s t i l l  apply.  The d i f f e r e n c e s  i n  steam composi t ion w i l l  o n l y  r e s u l t  i n  a s l i g h t  

change i n  t h e  op t ima l  o p e r a t i n g  c o n d i t i o n .  
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Section 1 

INTRODUCTION 

This repor, presents the resul 5 of recently completed work evaluating a heat ex- 
changer process t h a t  removes hydrogen su l f ide  (H2S) gas from geothermal steam by con- 
densing and reboiling the steam upstream of a power plant  turbine.  The project con- 
s i s ted  primarily of  the design a n d  f i e l d  tes t ing  of an experimental un i t .  
included analytical  and engineering s tudies  related t o  process design optimization, 
future larger-scal e demonstration tes t ing ,  and commercial-scal e applications and cost 
estimates. 

I t  also 

BACKGROUND: 

Geothermal steam is produced as a source of industr ia l  process heat i n  many parts of 
the world. 
include carbon dioxide, ammonia, nitrogen, hydrogen, hydrocarbons, and hydrogen sul-  
f ide .  After the steam is  cooled, f o r  example, by expansion i n  a turbine f o r  produc- 
t i o n  of e l e c t r i c i t y ,  i t  may be e i t h e r  condensed or discharged d i rec t ly  t o  the atmo- 
sphere. The various gases are  par t ia l ly  or completely l iberated t o  the atmosphere, 
either i n  a vapor stream di rec t ly  emitted from the condenser o r  d u r i n g  l a t e r  proces- 
s i n g  of the condensate from the condenser. 

H2S AND NONCONDENSABLE GAS CONTROL AND HEAT EXCHANGER PROCESS 

The pressurized steam often contains a variety o f  other gases t h a t  may 

The  H2S i n  the geothermal steam causes two types o f  problems: 
mental problems related to the release of H2S t o  the atmosphere; and ( 2 )  equipment 
damage due t o  the corrosive e f fec ts  of h i g h  H2S concentrations i n  both the geothermal 
steam feeding the turbines and the ambient environment of the power plant f a c i l i t y .  
A t  low levels  of concentration, this emission causes an odor nuisance problem f o r  
the nearby areas.  
toxic e f f e c t  on people and may be damaging to the environment. 
ernment agencies have imposed H2S emission l imitat ions t h a t  a re  d i f f i c u l t  t o  meet 
w i t h  current  technology. 
can a f f e c t  the future  plans for  geothermal development. The maintenance 
cost  of power plant  u n i t s  is  d i rec t ly  affected by equipment corrosion and deteriora- 
t i on  caused by the H2S present i n  bo th  the steam and atmosphere. 

(1) general environ- 

A t  higher levels of concentration, this H2S emission may have a 
S ta te  and local gov- 

Current and potential  future  regulations on H2S emission 

H2S i s  part icular ly  
detrimental t o  low al loy s tee ls  and copper components i n  e lec t r ica l  equipment. The 
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presence o f  H2S i n  geothermal steam may a l so  c o n t r i b u t e  t o  the  f a i l u r e  o f  h igh  s t r e s s  

ma te r ia l s  such as t u r b i n e  components. 

The presence o f  o t h e r  noncondensables d i r e c t l y  a f fec ts  the  c a p i t a l  c o s t  o f  new p l a n t  

u n i t s  s ince  some o f  the power p l a n t  components, such as the  condensers and vacuum 

systems, must be overs ized t o  accommodate the  noncondensables loading.  The use o f  

steam o r  power t o  d r i v e  vacuum systems t o  remove noncondensables from the condenser 

c o n s t i t u t e  an a d d i t i o n a l  c o s t  by decreasing the  amount o f  energy a v a i l a b l e  f o r  sa le .  

These problems p rov ide  cons iderab le  i n c e n t i v e  f o r  develop ing a process t h a t  minimizes 

H2S emissions a t  geothermal power p lan ts .  

ab le  i f  i t  removes H2S f rom geothermal steam upstream o f  the  power p l a n t  t u rb ines .  

A d d i t i o n a l  b e n e f i t s  cou ld  be gained i f  t h i s  process a l s o  removed most o f  the t o t a l  

noncondensables l o a d i n g  f rom the geothermal steam. The P a c i f i c  Gas and E l e c t r i c  

Company (PG&E), U.S. Department o f  Energy (DOE), the  E l e c t r i c  Power Research I n s t i -  

t u t e  (EPRI), and o the rs  have sponsored severa l  research p r o j e c t s  s p e c i f i c a l l y  aimed 
a t  removing H S from geothermal steam o r  l i q u i d .  

p e r  s u l f a t e  and s i m i l a r  s o l u t i o n s ,  d i r e c t  o x i d a t i o n  by adding oxygen t o  a l i q u i d  H2S- 
bear ing  stream, the a d d i t i o n  o f  i r o n  t o  c o o l i n g  tower bas ins,  and o thers .  
processes a r e  s t i l l  be ing  sought, due t o  d e f i c i e n c i e s  i n  processes i n v e s t i g a t e d  t o  

date . 

Such a process is  cons iderab ly  more va lu-  

These i n c l u d e  absorp t ion  i n t o  cop- 2 

B e t t e r  

The purpose o f  t h i s  p r o j e c t  was t o  eva lua te  a hea t  exchanger process which removes 

H2S gas f rom geothermal steam. The pr imary component of the hea t  exchanger process 

i s  a hea t  exchanger which condenses geothermal w e l l  steam and reevaporates t h i s  

steam a f t e r  most o f  t he  H2S and o t h e r  noncondensables present  i n  the geothermal 

steam have been removed v i a  a smal l  ven t  stream. 

densing process i s  used t o  reevaporate the  condensed steam. The ven t  stream conta in -  

i n g  most o f  the  H2S and other. noncondensables i s  t r e a t e d  by another  process f o r  u l t i -  

mate H2S d isposa l  such as by the comnerc ia l l y  proven S t r e t f o r d  process. The heat  ex- 

changer process u t i l i z e s  a s l i g h t  pressure and temperature drop i n  the  throughput  

steam as d r i v i n g  forces. Minimal a n c i l l a r y  equipment and c o n t r o l  funct ions are re -  

qu i  red. 

The hea t  e x t r a c t e d  du r ing  the  con- 

The s p e c i f i c  a p p l i c a t i o n  i n v e s t i g a t e d  i n  t h i s  r e p o r t  i s  f o r  H2S removal upstream o f  

a geothermal power p l a n t  a t  The Geysers. This  i s  a d r y  s team geothermal resource 

l oca ted  n o r t h  o f  San Francisco, C a l i f o r n i a .  The Geysers f i e l d  produces sa tura ted  
s l i g h t l y  superheated steam. Usual l i n e  pressures range approx imate ly  from 700 t o  

800 kPa (100 t o  120 p s i )  gauge du r ing  opera t ions .  The s h u t - i n  and t r a n s i e n t  l i n e  
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pressures a t  the f a c i l i t i e s  may rise to  about 1034 kPa (150 psi)  gauge. 
contains a variety of noncondensable gases; there  are  also other vola t i l i zed  species 
such as boric acid,  mercury, and copper i n  t race amounts. 
vary considerably from well t o  well. 
i n  Table 1-1. 

The steam 

The gas compositions may 
The nominal gas concentrations are  presented 

Table 1-1 

STEAM COMPOSITIONS AT THE GEYSERS GEOTHERMAL FIELD 

Component 

co2 

H2S 

NH3 

CH4 

H2 

N 2  
B 

To ta l  

Average 
Concentration Range 
Apm) 0 

3000 300 - 6000 

220 70 - 570 

100 10 - 330 

200 

50 

50 

20 

3640 

T h e  process eva lua t ion  was based on measurements a t  T h e  Geysers i n  cooperat ion w i t h  

PG&E who  owns The Geysers Power Plant ,  a commercial geothermal power-generating 
f a c i l i t y  t h a t  has been operating for  twenty years.  
spec i f ic  t o  The Geysers, this process has application a t  a l l  geothermal 
resources i n  which steam i s  be ing  generated d i rec t ly  from the geothermal f l u i d ,  i n -  
cluding b o t h  dry steam and flashing steam (hydrothermal) locations.  
shows typical conditions for some selected geothermal areas.  All of the s i t e s  shown 
are  hydrothermal locations except f o r  The Geysers, which i s  a dry steam f i e l d .  
Most systems u s i n g  a f lash  system are  expected t o  produce steam of a comparable tem- 
perature and pressure as  t h a t  a t  The Geysers, except i n  some cases the steam may be 
a t  lower temperatures due t o  lower reservoir  temperatures. 
condensable gas loadings and composition o f  the steam must be considered i n  op t imiz-  

Even t h o u g h  the t e s t  data a re  

Appendix A 

Variations in the non-  

i n g  the heat exchanger design a t  each location. The heat exchanger process has the 
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p o t e n t i a l  t o  p rov ide  upstream H2S abatement and upstream removal o f  noncondensabl e 

gases t o  a1 1 geothermal l o c a t i o n s .  

REPORT STRUCTURE 

Sect ion  2, PROCESS DESCRIPTION, descr ibes t h e  fundamental p r i n c i p l e s  through 

which t h e  heat  exchanger process removes H2S and o t h e r  noncondensables from geother- 

mal steam. 

Sec t ion  3, PERFORMANCE OF A SMALL-SCALE TEST UNIT AT THE GEYSERS POWER PLANT, presents  

t h e  r e s u l t s  o f  f i e l d  t e s t s  completed i n  1980 demonstrat ing t h e  heat  exchanger process 

us ing  a 14-m ( 1 5 0 - f t  ) heat  exchanger t e s t  u n i t  a t  U n i t  7 o f  The Geysers Power P lan t .  

Th is  s e c t i o n  i n c l u d e s  a d iscuss ion  o f  t h e  t e s t  o b j e c t i v e s ,  a d e s c r i p t i o n  o f  t h e  t e s t  

u n i t ,  and a d e t a i l e d  d iscuss ion  o f  t h e  t e s t  r e s u l t s .  Support m a t e r i a l  f o r  t h i s  sec- 

t i o n  i s  inc luded i n  Appendices B through G. 

2 2 

Sec t ion  4, EVALUATION OF ADVANCED HEAT TRANSFER DESIGNS, discusses two des ign o p t i o n s  
f o r  improv ing heat  t r a n s f e r  i n  t h e  heat  exchanger. The two op t ions  are:  a v e r t i c a l  

tube evaporator  us ing  f l u t e d  tubes and a h o r i z o n t a l  spray f i l m  evaporator. The ex- 

pected o v e r a l l  hea t  t r a n s f e r  c o e f f i c i e n t  and expected cos ts  f o r  t h e  two op t ions  a r e  

compared t o  those f o r  t h e  base case design--a v e r t i c a l  tube evaporator  w i t h  smooth 

tubes. 

Sec t ion  5, 2.5-MW PILOT PLANT, presents  a conceptual des ign o f  a l a r g e r - s c a l e  p i l o t  

p l a n t .  
and i n s t r u m e n t a t i o n  drawings, p i l o t  p l a n t  des ign c r i t e r i a ,  process f l o w  diagrams, 

est imated equipment costs ,  and a proposed t e s t  p l a n  summary. 

ponent l i s t s  and s p e c i f i c a t i o n s  a r e  inc luded i n  Appendices H through U. 

The 2.5-MW p i l o t  p l a n t  des ign package i n c l u d e s  t h e  system d e s c r i p t i o n ,  p i p i n g  

The equipment and com- 

Sec t ion  6 ,  APPLICATIONS AND COMMERCIAL-SCALE COST ESTIMATES, discusses a p p l i c a t i o n s  

a t  bo th  d r y  steam and hydrothermal l o c a t i o n s  and presents  a conceptual des ign scheme 
f o r  a p a r t i c u l a r  commercial-scale (55-MW) system w i t h  est imated costs .  The d i r e c t  
and i n d i r e c t  c o s t  e f f e c t s  o f  var ious  des ign and o p e r a t i n g  parameters a r e  a l s o  
i n v e s t i  gated. 
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Section 2 

PROCESS DESCRIPTION 

This section describes the process and discusses i t s  underlying theory. 

G E N E R A L  HEAT E X C H A N G E R  PROCESS DISCUSSION 

The heat exchanger process i s  shown schematically in Figure 2-1.  
a pressure and  temperature s l igh t ly  lower t h a n  the she1 l s ide .  
difference causes a heat transfer from the shellside t o  t h e  tubeside result ing in 
steam condensing in the shellside and  condensate evaporating in the tubeside. 
incoming geothermal steam, direct ly  from a well in the case o f  a vapor-dominated re- 
source o r  from a vapor-liquid separator a t  hydrothermal locations, i s  almost com- 
pl etely condensed. 
gases contained in the steam, b u t  a b o u t  98% of most o f  the gases, including C02, H 2  
and N 2 ,  will remain in the vent gas stream. Over a typical range o f  geotfiermal steam 
compositions and  process operating conditions, 90 t o  99% o f  the H2S and  a b o u t  half of 
the N H 3  will remain in the vent stream. 
are  based on calculations described l a t e r  in this section a n d  confirmed by t e s t  
resul ts  presented in Section 3 .  

The tubeside i s  a t  
This temperature 

The 

The resul t ing condensate will dissolve some of the noncondensable 

These estimates of gas removal fractions 

As the shel ls ide condensate i s  transferred to the tubeside, a portion of i t  flashes 
to  vapor due t o  the drop in pressure. 
evaporated as i t  circulates t h r o u g h  the tubes. 
the clean steam t h a t  leaves the heat exchanger. 
to the turbine in a geothermal power generation application. 

The remaining unflashed condensate i s  then re- 
The total  resulting tubeside vapor  i s  
This clean steam would be supplied 

Because about 98% of the major noncondensable gas components in the geothermal steam 
have been removed from the clean steam, as have essent ia l ly  a l l  o f  the l i gh t  gases 

such as hydrogen and methane, the load on a power plant condenser vacuum system will 
be s ignif icant ly  reduced, and the quantity of steam t h a t  must bypass the turbine t o  
run the vacuum system can be reduced. Accordingly, more steam i s  available for  the 
production of e l ec t r i c  power. I n  addition, any sol id  par t ic les  originally present in 
the geothermal steam will e i ther  remain w i t h  the vent gases, or they will fa l l  out in 
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I=== FCV- 1 

Shel l s ide  baffles 

Geothermal steam rn 
Bottom t u b e s h e e t 4 -  

FCV-2 

I Blowdown 
_i 

@ - Flow cont ro l le r  

@ - Level control ler  

FCV - Flow control valve 
LCV - Level control valve 

Figure 2-1. 
Shel l s i d e  Configuration. 

Heat Exchanger Process Vertical Tube Evaporator W i t h  Baffled 
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the condensate and may be removed by f i l t ra t ion.  
t i o n  t o  the more significant removal of corrosive H2S gas, will contribute t o  savings 
in the cost of maintenance and replacement of power plant equipment and components. 

This particulate removal, in addi- 

The vent gas mass flow rate depends on the amount o f  noncondensable gases originally 
present i n  the geothermal steam. 
The Geysers indicate t h a t  the vent gas stream would contain something in the range of 
one t o  four percent of the ini t ia l  geothermal steam when the inert gas content i s  in 
the range of 2000 t o  6000 ppm. However, the gain in the steam flow t o  the turbine, 
which represents an  amount of steam t h a t  would otherwise be consumed in the vacuum 
system t o  remove noncondensables, helps to  compensate for this loss o f  steam in the 
vent gas. 

Calculations based on generalized conditions a t  

Thus, the final overall design will be strongly influenced by the t o t a l  quantity of 
noncondensable gases in the geothermal steam, the composition of these gases, and the 
source steam pressure. Heat exchanger design would be optimized for each power plant 
according t o  the gas content existing i n  the untreated steam feed to  each such unit. 

The flow pa th  of various streams can be followed by referring t o  Figure 2-1. 
head steam enters the shellside of the heat exchanger jus t  above the bottom tubesheet 
and flows upward through the steam chest. 
pass back and forth across the tubes, and thus provides a means t o  control the t u r b u -  
lence level within the vapor phase. 
shellside, the vent gas stream, i s  governed by control valve FCV-1. 
cent of  the in le t  steam flow will be vented w i t h  the noncondensable gases. 
tioned earlier,  more than 98% of all  noncondensable gas will be isolated from the 
condensate and  e x i t  v i a  t h e  v e n t  stream. T h e  v e n t  gas stream composition may range 

from less t h a n  10% t o  more t h a n  30% noncondensable gases. The condensate formed on 
the heat exchanger tubes flows down the tubes as a thin f i l m  and ultimately collects 
on the bottom tubesheet. As shown in Figure 2-1, a level controller operates a valve, 
LCV-3, t o  prevent flooding of the shellside space; the valve also serves t o  maintain 
a liquid-filled condensate transfer line so t h a t  the shellside steam can n o t  flow 
directly t o  the tubeside of the heat exchanger. 

Well- 

The segmental baffles cause the steam t o  

The flow rate of the exiting stream from the 
One t o  fou r  per- 

As men- 

The heat released by condensation of geothermal steam causes the evaporation of water 
within the tubes. 
where i t  collects on the top  tubesheet. 
tube so t h a t  a thin film of liquid flows down the inside tube surfaces. 
tion of  the liquid flowing down the tube will evaporate during a single pass; thus, 

Condensate from the sump i s  pumped t o  the top  of the heat exchanger 
Flow distributors direct the liquid into each 

Only a frac- 
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the condensate ultimately makes several passes th rough  the tubes. The sump i s  sized 
t o  act  as a feed reservoir for  the pump. 
quate positive suction head for  the recirculation pump as well as protection against 
a high liquid level t h a t  could resul t  in liquid carry-over with the clean steam. As 
shown i n  Figure 2-1, a flow controller would regulate the pump discharge valve, FCV-2. 

A level control on the sump ensures ade- 

Under normal operation, the heat exchanger will require a small makeup water stream 
t o  sat isfy the enthalpy imbalance occurring when the higher-temperature wellhead 
steam i s  converted into lower-temperature clean steam. 
be decreased by heat loss from the system and increased by superheated in l e t  steam. 
For an adiabatic system w i t h  operating conditions typical of proposed commercial ap- 
plications a t  The Geysers (as described in Section 61, the makeup requirement would 
be on the order of 1% o r  less o f  the net steam t h r o u g h p u t  i f  the in le t  steam had no 
superheat. 

This makeup requirement would 

Condensate blowdown may be required t o  purge chemical species, such as boric acid 
produced i n  the wellhead steam, which may become concentrated i n  the tubeside con- 
densate. 
ance. 

This would require additional clean makeup water t o  keep the system in bal-  

CRITICAL ECONOMIC FACTORS 

The following i s  a review of those factors t h a t  affect  the cost of the process and 
the design considerations t h a t  must be analyzed i n  every application so as t o  mini- 
mize costs while attaining environmental goals. 
are discussed in more detail in Section 6. 

The economic aspects of  the process 

The cost factors t o  be considered include both capital and operating costs. These 
will be reviewed separately b u t ,  as will be seen, they are closely related. Capital 
costs can be related almost completely to  the s ize  of the heat exchanger as defined 
by i t s  surface area. The required surface area (A) i s  directly proportional t o  the 
heat load ( Q ) ,  and inversely proportional t o  the heat transfer coefficient ( U )  and  
the temperature driving force ( A T ) ,  as expressed below: 

For a given application, the heat load i s  essentially fixed by the amount of steam 
required t o  supply the turbine. The U value, however, may be dependent on heat ex- 
changer s ize  and design. I t  i s  believed t h a t  higher U values can be approached in a 
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larger heat exchanger t h a n  were attained in the tes t  unit described in Section 3 be- 
cause the turbulence level of the flowing steam can be better controlled in the 
larger units. 
scale units may be lower t h a n  indicated in Section 6 .  
predicted comnercial-scale U value is  4200 W / ( m 2 - O C )  [740 B t u /  (h.'F.ft2)], based on 
theory and extrapolated da ta  from actual commercial-scale operation of vertical tube 
evaporators in other applications. 
' F - f t  ) I  was used i n  the commercial-scale capital cost calculations in Section 6 be- 
cause of the lower values experienced d u r i n g  the field tests discussed in Section 3. 

If this can actually be achieved, the capital costs of commercial- 
As shown in Section 4 ,  the 

A lower U value of 3400 W / ( m 2 e o C )  [600 B t u / h .  
2 

With respect t o  A T ,  this can be specified i n  the design a t  any desired value, with 
- al l  other factors held constant. Thus, i f  AT i s  doubled, the unit size will be cut 

i n  half with lower resultant capital costs; while i f  A T  i s  cut in half, the unit size 
would double. The A T  value selected, however, must reflect the results o f  an o p t i -  
mization study where operating costs a re  balanced against capital costs, since high 
AT values lead 5ndirectly t o  h i g h  operating costs as is  discussed below. 

I t  should be made clear here t h a t  the direct operating costs associated with this H2S 
removal process are quite low, amounting only t o  normal routine maintenance and oper- 
a t o r  surveillance. On the other hand, the H2S removal process indirectly affects the 
overall electric generating system in various ways, some of which increase and others 
of which decrease the cost of  making electricity.  The three main factors indirectly 
affecting 
below. A 

1. 

2. 

3 .  

The lower 

the overall plant operating costs are listed and then briefly discussed 
more detailed analysis i s  presented in Section 6 .  

The heat exchanger AT reduces the turbine supply steam pressure. 

The heat exchanger vent gas stream rejects steam t h a t  m i g h t  have o th -  
erwise been available t o  the turbine. 

The process provides a cleaner steam as turbine feed, thus reducing 
operating costs and  potentially improving turbine reliabil i ty.  

temperature on the tubeside of the heat exchanger, as i s  necessary for 
causing heat transfer t o  occur, means t h a t  the steam in the line leading t o  the tur- 
bine i s  a t  a lower pressure t h a n  i t  would have been w i t h o u t  the H2S removal process. 
Thus, less electrical energy may be produced per mass u n i t  of steam feed. 
t i o n ,  the steam i n  the vent gas stream is  steam t h a t  could have gone to  the turbine, 
so t h a t  the total flow rate i s  reduced. 
erating costs t h a t  result from the H2S removal process, a l t h o u g h  they are n o t  operat- 

I n  addi- 

These two effects can be considered as op- 

ing costs of the process i t s e l f .  
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On the other hand ,  some operating costs are reduced as a result  of the H2S removal 
process, and these cost reductions can mitigate o r  eliminate the cost increases men- 
tioned above. First ,  the quantity of steam required t o  operate the vacuum system i s  
reduced when the process is  used; thus, more steam i s  available t o  produce electric- 
i t y .  Second, the steam entering the turbine is now clean, in t h a t  corrosive gases 
(H2S and C O P ) ,  solid debris, and boric acid have been removed. I t  can thus be ex- 
pected t h a t  two benefits will result  from the clean steam: 
downtime of  the system for maintenance and the average pressure loss across the 
s t ra iner  (located in the steam line upstream of the turbine) should be reduced. 
Each of these effects would result  i n  increased electr ic  power production over a 
year. 

there should be less 

I n  sumary, these general factors control the cost of the system and i t s  economic 
attractiveness as compared t o  alternative H2S control systems. 
each factor will vary a t  each s i t e .  

The actual impact of 

CHEMICAL AND PHYSICAL PROCESSES DETERMINING LEVEL OF H2S REMOVAL 

As steam condenses on the heat transfer surface t o  form a pool o r  layer of conden- 
sate ,  there will be a tendency for par t  of the gases in the steam t o  dissolve i n  the 
liquid. 
equilibrium relationships between the liquid and vapor. The amount of  gases t h a t  
actually are so transferred depends also on the kinetics of mass transfer between 
the vapor and liquid phases and on the kinetics of reaction in the liquid phase. 
These are discussed separately below. 

The extent t o  which gases are dissolved in the l i q u i d  phase depends on the 

The equilibrium of gases distributed between liquid and  vapor  can be descr 
f i r s t  approximation by the constant t h a t  appears in Henry's Law (Eq.  2 -2 ) :  

P = K  C 
9 H g  

where P = partial  pressure of gas 9 

KH = Henry's Law constant 

C = concentration of gas dissolved i n  liquid 9 

bed in a 

(2-2) 

By t h a t  law, the amount of a specific gas t h a t  dissolves in liquid i s  proportional 
t o  the partial  pressure of t h a t  gas in the vapor  phase. 
o r  Henry's Law constant, which defines the equilibrium condition, increases as the 

The proportionality factor,  
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system temperature increases. 
t h a t  the partial  pressure of each gas changes as the vapor stream passes through the 
heat exchanger. 
phase, lowering the partial pressure of t h a t  gas. 
i s  strongly overpowered by an opposing one t h a t  occurs because of steam condensation. 
From the i n l e t  vapor phase, comprising more than 99% steam, between 96 and 99% of 
the water will be condensed. Therefore, the noncondensablc gas concentrations and 
p a r t i a l  pressures in  the vent gas will increase by a factor of 20 t o  30 times. 
wards the discharge end of the steam chest, the driving force f o r  dissolution be- 
comes many times greater t h a n  a t  the exchanger in le t  because of this increase in 
partial pressure. The steam chest pressure drop,  due t o  f r ic t ion as the vapor passes 
over the tubes, i s  a relatively minor factor affecting the driving force for dissolu- 
tion. 
partial  pressure of each component gas. 

I n  practice, this  process i s  complicated by the fac t  

As some of the gas dissolves, less of i t  remains in the vapor  
On the other hand ,  this tendency 

To- 

The s l ight ly  lower total pressure causes a small percentage reduction in the 

Henry's Law i s  completely adequate t o  describe the behavior of  the nonreactive gases 
present in geothermal steam, such as hydrogen, nitrogen, methane and other hydrocar- 
bons. On the other hand ,  additional complex interactions between water and dissolved 
species must be considered for the acid o r  basic gases such as carbon dioxide, hydro- 
gen sulfide,  boric acid, and ammonia. With respect t o  H2S, f o r  example, Henry's Law 
applies only t o  the relation between the H2S in the vapor phase and t h a t  dissolved 
H2S which remains undissociated i n  the liquid phase. Complexity occurs because pa r t  
of the dissolved H2S (an  acid gas) will dissociate successively t o  HS- and S= ions, 
releasing a hydrogen i o n  a t  each step as follows: 

t H2S = H t HS- 

Dissolved carbon dioxide and boric acid will experience similar dissociation reac- 
tions i n  the liquid phase, while dissolved amnonia ( a  basic gas) reacts i n  an oppo- 
s i t e  manner t o  release the hydroxyl ion:  

+ 
N H 3  + H20 = NH4 + OH- (2 -5 )  

Each of these reactions i s  governed by i t s  own equilibrium constant, and the value 
of each constant i s  dependent upon the system temperature. 
constant for the f i r s t  dissociation step for H2S i s  given in the following equation, 

The definition of the 
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where each term i n  parentheses refers t o  the concentration of t h a t  species in the 
aqueous phase: 

The interaction of these dissociation reactions i s  quite complex and strongly affects 
the amount of gas t h a t  actually dissolves in the liquid phase. Note t h a t  a common 
term for a l l  the reactions i s  the pH of the solution as expressed by the concentra- 
tion o f  the hydrogen i o n .  The prediction of the fraction of each gas t h a t  dissolves 
a t  equilibrium i s  achieved by simultaneous solution of the complete se t  of nonlinear 
equilibrium equations. This solution i s  accomplished by means of a computer because 
of the very large number of calculations involved. 

EQUILIBRIUM CALCULATIONS 

The general , qualitative interaction among these competing reactions can be described 
briefly.  This discussion will clarify the importance of the pH value. As the acid- 
i t y  of  the liquid solution increases, the amount o f  H2S t h a t  can dissolve i s  de- 
creased. Acidity i s  increased in p a r t  by the dissociation of H2S i t s e l f .  A much 
stronger factor for  i ncreasi ng aci di ty , however , i s  the di ssocia ti on of C02 because 
of the much higher concentration of C02 in the wellhead geothermal steam. Thus, H2S 
removal will be improved ( t h a t  i s ,  H2S dissolution in the condensate will be de- 
creased) when larger amounts of C02 are present i n  the steam. Ammonia, on the other 
hand, acts in an opposite fashion by producing the hydroxyl i o n  as i t  dissociates, 
which partially neutralizes the acids formed b y  C02 and H2S. This' tendency of  am- 
monia t o  increase the pH favors increased dissolution of the acid gases. Thus, i f  
higher amnonia concentrations occur i n  the geothermal steam, larger quanti t i es  of 
bo th  C02 and H2S will be dissolved, and accordingly, the H2S removal efficiency w i l l  
be lessened. 
as different ratios of individual gases, the performance of the heat exchanger pro- 
cess should be evaluated separately for  each well or steam trunkline so t h a t  the 
most eff ic ient  heat exchanger design can be determined for each application. 
of the most important design considerations are flow rates and flow patterns on the 
condensing side of the heat exchanger and performance considerations such as the 
shellside t o  tubeside temperature difference. 

Since every well produces bo th  different quantities of each gas as well 

Some 

On the basis of these principles, quantitative predictions were made for the rate of 
removal of H2S t h a t  i s  possible with this system. These calculations cover paramet- 
r ical ly  the range of chemistries t h a t  can be expected in most geothermal steams, and 
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the results are summarized in Figures 2-2 and 2-3. Each of these two figures includes 
four  curves labeled A ,  B ,  C y  and  D t h a t  show the percentage removal of H2S as a func- 
tion of the H2S concentration in geothermal steam. Curves A and B are f o r  the case 
where no N H 3  i s  present and where the ini t ia l  C02 content i s  8000 and 3000 ppm, re- 
spectively. Curves C and D refer t o  the same concentration of C02 as in the f i r s t  
two curves, b u t  w i t h  an ini t ia l  N H 3  concentration equal t o  the i n i t i a l  H2S concentra- 
tion. Figure 2-2 i s  based on an inlet  steam condensing rate of 98% ( 2 %  vent ra te ) ,  
and  Figure 2-3 i s  based on an  inlet  steam condensing rate of 90% (10% vent ra te) .  
During the field tests a t  The Geysers described in Section 3, the vent rates ranged 
from 2 t o  20% with most of the testing a t  about  5%. 

As seen from these figures, when no NH3 i s  present, almost 97% of the H2S will be re- 
moved when 98% of the steam i s  condensed. On the other hand, when 90% i s  condensed, 
almost 99% of the H2S will be removed. 
tions will reduce the efficiency of H2S removal. 
condensation of the steam, H2S removal in the presence of N H 3  will be i n  the range 
of 9 1  t o  96%. 
rate of 95 t o  98% in the presence of NH3. 
ranges from 50% t o  almost 100% of the H2S concentration. A t  most other geothermal 
fields, the N H 3  concentration i s  a much smaller fraction o f  the H2S concentration. 
Values of these concentrations are indicated i n  Appendix A .  

As was discussed above, h i g h  N H 3  concentra- 
As shown on Figure 2-2 for 98" 

A t  the lower condensation rate of 90%, Figure 2-3 shows an H2S removal 
A t  The Geysers, the N H 3  concentration 

KI NET1 C EFFECTS 

The above discussion relates only t o  the calculation of the amount of gases t h a t  will 
dissolve a t  equilibrium. 
fected by kinetic factors. 
fects with opposing tendencies. This i s  discussed here. 

The quantities t h a t  actually dissolve can be greatly af- 
As might be expected, there are counteracting kinetic ef- 

The f i r s t  kinetic effect i s  related t o  the mass transfer rate of each gas from the 
bulk vapor phase t o  the vapor/liquid interface, and t o  the mass transfer of the dis- 
solved gases from the interface i n t o  the bulk liquid phase. 
these mass transfer rates are n o t  very fast ,  the amount of dissolution of each gas 
will be reduced. Notably, the efficiency of H2S removal from the clean steam will 
be increased as these mass transfer rates decrease. However, general i zed cal cul a- 
tions (1) have shown t h a t  the mass transfer rates are relatively high. Therefore, 
from the point of view of mass transfer kinetics, alone, i t  can be expected t h a t  
equi 1 i bri um dissolution wi 11 be attained. 

To the extent t h a t  
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Figure 2-3. Predicted H2S Removal a t  90% Condensation (10% Vent Rate) 



The second k i n e t i c  e f f e c t  i s  r e l a t e d  t o  the  r e a c t i o n  r a t e  of d i s s o c i a t i o n  o f  t he  

d i s s o l v e d  gas molecules. 
o f  d i sso l ved  C O Z Y  t o  produce a c i d  and b icarbonate i o n  as shown below, i s  r e l a t i v e l y  

slow. 

I n  p a r t i c u l a r ,  i t  has been suggested t h a t  t he  d i s s o c i a t i o n  

+ - C02 + H20 = H t HC03 

The p r a c t i c a l  e f f e c t  of slow d i s s o c i a t i o n  of COP i s  t o  decrease the amount o f  a c i d i t y  
due t o  C O Z Y  and thus r a i s e  the s o l u t i o n  pH from the  expected pH a t  e q u i l i b r i u m .  
Since the  major format ion o f  a c i d  i s  due t o  COP d i s s o c i a t i o n ,  as has been p rev ious l y  

discussed, a slow r a t e  f o r  t he  d i s s o c i a t i o n  of C02 would tend t o  increase the  amount 

o f  H2S d isso lved.  

s tream. 

Th is  reduces the  e f f i c i e n c y  of H2S separa t i on  f rom the  steam 

The p e r t i n e n t  r e a c t i o n  k i n e t i c  r a t e s  a re  n o t  w e l l  quan t i f i ed ,  and, i n  any case, t he  

corresponding c a l c u l a t i o n s  would be beyond the  scope of  t h i s  study. We have, how- 
ever, at tempted t o  determine i n  a general  way the  e f f e c t  of a reduced r a t e  of d i s -  

s o c i a t i o n  o f  carbon d iox ide .  This was accomplished by making e q u i l i b r i u m  ca lcu la -  

t i o n s  f o r  h y p o t h e t i c a l  steam concentrat ions w i t h  sma l le r  and sma l le r  amounts o f  C02 

than a re  a c t u a l l y  p resen t  i n  the  steam from The Geysers resource. 

The l o g i c  behind t h i s  approach i s  t he  assumption t h a t  t he  amount o f  a c i d i t y  t h a t  can 

be c o n t r i b u t e d  by C02 i s  reduced when the  i n i t i a l  presence of C02 i s  reduced, j u s t  
as the  C02 a c i d i t y  would be reduced f o r  normal amounts of  C02 i n  the  steam when the  

r a t e  o f  d i s s o c i a t i o n  i s  slow. The r e s u l t s  o f  these c a l c u l a t i o n s  show t h a t  t he  e f -  

f i c i e n c y  o f  H2S removal i s  n o t  much decreased as the r a t e  o f  C02 d i s s o c i a t i o n  i s  de- 
creased. 

s imu la ted  by assuming t h a t  geothermal steam conta ins no C02, H2S removal e f f i c i e n c i e s  
o f  ove r  90% were s t i l l  found. 

I n  the  wors t  case, where an i n f i n i t e l y  low r a t e  of C02 d i s s o c i a t i o n  was 

The na tu re  o f  t he  k i n e t i c  e f f e c t s  and the  general r e s u l t s  t h a t  a re  expected i f  k i n e t -  

i c  r a t e s  are so slow as t o  prevent  the  at ta inment  o f  e q u i l i b r i u m  have been discussed 

above. 
s i z e  heat  exchanger would r e q u i r e  a considerable amount of work, bo th  because o f  t he  

complex i ty  o f  t h e  c a l  c u l  a t i  ons and because of t he  need t o  determi ne what the  k i  n e t i c  

r a t e  constants a c t u a l l y  are. I n  a more q u a l i t a t i v e  fashion, however, a general  r e -  
l a t i o n s h i p  can be developed t o  compare the  magnitude o f  k i n e t i c  e f f e c t s  i n  a l a rge ,  

commercial-s ize system w i t h  these same ef fects  i n  a smal l -sca le t e s t  u n i t ,  such as 

To be p r e c i s e l y  q u a n t i t a t i v e  as t o  the  impact  o f  k i n e t i c  e f f e c t s  on a f u l l -  

2-1 2 



the tes t  unit discussed in Section 3 .  
for extrapolating the results measured in the small-scale unit. 

Such a comparison would then provide  the basis 

To summarize the analyses of this type t h a t  have been made, the residence time of 
steam within the heat exchanger as a function of exchanger size will be reviewed. 
The residence time, T ,  can be qualitatively expressed as the ratio of  the steam chest 
volume, V ,  t o  the volumetric flow rate of feed steam, F .  
chest i s  proportional t o  the t o t a l  volume of the tubes and ,  therefore, i s  propor t ion-  
a l l y  related t o  the number of tubes, n ,  the tube diameter, d ,  and  the length of 
tubes, L ,  as follows: 

The volume of the steam 

The surface area of the tubes, A, across which heat transfer takes place is  propor- 
tional t o  these same variables: 

The surface area i s  also proportional t o  the steam flow rate because the steam densi- 
ty and latent heat, as well as the heat transfer coefficient and  temperature driving 
force, w i l l  be relatively constant as the system size changes. T h a t  i s :  

A a F  (2-10) 

Combining these relationships, we have: 

(2-11) V T a - a d  F 

Thus, the residence time will be about  the same, regardless of  the size of the heat 
exchanger, as long as the tube diameter i s  unchanged. Then, i t  could  be expected 
t h a t  whatever effect kinetics may have with respect t o  how closely equilibrium is  
achieved can be directly determined i n  the small t es t  unit. Accordingly, the same 
degree of H2S removal t h a t  was achieved in the f ie ld ,  as reported in Section 3 ,  can 
be expected t o  occur in a comnercial-size u n i t .  

REFERENCES 

1. Calculations performed by Glenn Coury of Coury and Associates, Inc., 1976. 
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Sect ion  3 

PERFORMANCE OF SMALL-SCALE TEST UNIT AT THE GEYSERS POWER PLANT 

A 12-month f i e l d  t e s t  program w i t h  an accumulative run  t ime o f  approx imate ly  1000 

hours was completed i n  January 1980 demonstrat ing the  performance o f  a smal l -sca le,  

14-m ( 1 5 0 - f t  ) f a l l i n g - f i l m  v e r t i c a l  tube evaporator  heat exchanger. These f i e l d  

t e s t s  were conducted w i t h  the  cooperat ion o f  P a c i f i c  Gas and E l e c t r i c  Company a t  

U n i t  7 o f  The Geysers Power P lan t  l oca ted  n o r t h  o f  San Francisco, C a l i f o r n i a .  The 

t e s t  u n i t  heat exchanger was designed t o  condense approximately 0.113 kg/s (900 l b / h )  

o f  geothermal steam a t  a normal opera t ing  temperature drop across the  heat  exchanger 

o f  5.6OC (1OOF). A t y p i c a l  55-MW power p l a n t  u n i t  a t  The Geysers requ i res  approx- 
6 ima te l y  139 kg/s (1.1 x 10 l b / h )  steam; there fore ,  t he  t e s t  u n i t  heat  exchanger was 

equ iva len t  t o  about a 0.05-MW u n i t .  

2 2 

Th is  sec t i on  presents  the  ob jec t i ves  of t he  t e s t  program, a d e s c r i p t i o n  o f  t he  t e s t  

u n i t ,  a d e s c r i p t i o n  o f  t he  t e s t  program, and a d e t a i l e d  presenta t ion  o f  t he  t e s t  

resu l  t s .  

TEST OBJECTIVES 

The t e s t  program was developed and conducted t o  achieve two ob jec t i ves .  These were: 

1. 

2. 

Demonstrate the  process '  c a p a b i l i t y  t o  remove a t  l e a s t  90% o f  t he  
H2S present  i n  the  incoming geothermal w e l l  steam. 

Demonstrate t h e  heat t rans fe r  performance o f  the  f a l l i n g - f i l m  ver -  
t i c a l  tube evaporator  i n  the  geothermal environment. 

I n  a d d i t i o n  t o  s a t i s f y i n g  these two s p e c i f i c  ob jec t i ves ,  t he  t e s t  program was de- 

signed t o  p rov ide  performance data over a range o f  process parameters represent ing  

the  a n t i c i p a t e d  normal opera t ing  and upset  cond i t i ons  t y p i c a l  o f  the  in tended f u l l -  

sca le  geothermal H2S abatement appl i ca t ions  o f  t he  heat  exchanger process. 

DESIGN AND OPERATION OF TEST UNIT  

General Desc r ip t i on  o f  Test  U n i t  I n s t a l l a t i o n  

The photograph i n  F igure  3-1 shows the  skid-mounted t e s t  u n i t  i n s t a l l e d  a t  Uni t  7 

o f  The Geysers Power P lan t .  The bas ic  components o f  the  t e s t  u n i t  inc luded the  heat 
2 2 exchanger--a 14-m (1  5 0 - f t  ) v e r t i c a l  tube evaporator; t he  r e c i r c u l a t i n g  condensate 
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Figure 3-1. 
of The Geysers Power Plant 

Heat Exchanger Process Test U n i t  a t  U n i t  7 
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pump; t h e  condensate t r a n s f e r  tank; t h e  sample condenser and coo le r ;  and t h e  i n t e r -  

connect ing p i p i n g ,  va lves,  c o n t r o l s ,  and i n s t r u m e n t a t i o n .  These components a r e  i n -  

d i c a t e d  i n  F i g u r e  3-2, t h e  p i p i n g  and i n s t r u m e n t a t i o n  diagram f o r  t h e  t e s t  u n i t .  

As descr ibed i n  Sec t ion  2 and F i g u r e  2-1, t h e  process i n v o l v e s  condensation o f  i n l e t  

steam on t h e  s h e l l s i d e  o f  t h e  heat  exchanger, removal o f  most H2S and o t h e r  nonconden- 
sab le  gases through a vent  from t h e  s h e l l s i d e ,  t r a n s f e r  o f  condensate f rom t h e  tube- 

sheet a t  t h e  base o f  t h e  s h e l l s i d e  t o  t h e  sump which i s  a t  a s l i g h t l y  lower  

pressure and temperature, r e c i r c u l a t i o n  o f  condensate from the  sump t o  t h e  t o p  of t h e  
tubeside o f  t h e  heat  exchanger, reevapora t ion  of t h e  condensate on t h e  tubeside,  and 
d ischarge of t h e  r e s u l t i n g  c lean steam o u t  o f  t h e  tubeside sump. Phys ica l  parameters 

( f l o w ,  pressure, temperature and l i q u i d  l e v e l s )  were measured a t  t h e  many p o i n t s  i n -  

d i c a t e d  by c i r c l e s  i n  F i g u r e  3-2. Chemical c o n s t i t u e n t s  o f  t h e  var ious  f l o w  streams 
were analyzed a t  var ious  t imes a f t e r  samples were e x t r a c t e d  a t  t h e  p o i n t s  i n d i c a t e d  

by squares. The sample coo le r ,  d r a i n  and c o l l e c t i o n  system, common t o  a l l  sample 

p o i n t s ,  i s  shown a t  t h e  lower  l e f t  o f  t h e  f i g u r e .  

F i g u r e  3-3 shows how t h e  t e s t  u n i t  i n s t a l l a t i o n  i n t e r f a c e d  w i t h  t h e  e x i s t i n g  U n i t  7 
f a c i l i t y .  Supply steam f o r  t h e  heat  exchanger was prov ided by a s i d e  stream o f f  t h e  

geothermal w e l l  steam supply  t o  t h e  U n i t  7 power p l a n t .  
streams f rom t h e  t e s t  u n i t  were combined i n t o  a s i n g l e  stream downstream o f  t h e  t e s t  
u n i t  and then d i r e c t e d  t o  t h e  U n i t  7 c o o l i n g  tower bas in.  
v i s i o n s  were a l s o  prov ided by t h e  U n i t  7 power p l a n t .  
steam l o a d  r e q u i r e d  by t h e  t e s t  u n i t  was l e s s  than 0.1% o f  t h e  normal steam l o a d  f o r  
t h e  U n i t  7 t u r b i n e ;  t h e r e f o r e ,  t h e  t o t a l  steam consumption, and consequently t h e  

The vent  gas and c lean steam 

U t i l i t i e s  and d r a i n  pro-  
As shown i n  F i g u r e  3-3, t h e  

t o t a l  H2S emiss ion t o  t h e  atmosphere, 
u n i t  was i n  opera t ion .  The t e s t  u n i t  
p l a n t ,  w i t h  t h e  except ion t h a t  U n i t  7 

operate. 

were increased by l e s s  than 0.1% when t h e  t e s t  
operated independent ly  from t h e  U n i t  7 power 
had t o  be o p e r a t i n g  b e f o r e  t h e  t e s t  u n i t  cou ld  

Tes t  U n i t  Component D e s c r i p t i o n  

The t e s t  u n i t  heat  exchanger was a v e r t i c a l  tube evaporator  w i t h  a b a f f l e d  s h e l l s i d e  
c o n f i g u r a t i o n  s i m i l a r  t o  t h a t  shown i n  F i g u r e  2-1. The heat  exchanger was cons t ruc ted  
e n t i r e l y  o f  304 s t a i n l e s s  s t e e l  except  f o r  t h e  heat  t r a n s f e r  tubes which were t i t a n i u m .  
The s e l e c t i o n  o f  t i t a n i u m  f o r  t h e  tubes was s t r i c t l y  based on convenience a t  t h e  
t ime o f  f a b r i c a t i o n  and was n o t  necessary from c o r r o s i o n  o r  heat  t r a n s f e r  considera- 

t i o n s .  A commercial u n i t  would p robab ly  have 304 s t a i n l e s s  s t e e l  tubes. T i tan ium has 

a c o e f f i c i e n t  o f  heat  t r a n s f e r  about one-ha l f  o f  t h a t  o f  304 s t a i n l e s s  s t e e l ;  however, 
w i t h  r e s p e c t  t o  t h e  t e s t  r e s u l t s  t h i s  d i f f e r e n c e  i s  i n s i g n i f i c a n t  s ince  t h e  c o e f f i c i e n t s  
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for the two materials (based on the tube wall thickness) are about  5 t o  10 times the 
total heat transfer coefficients, including the film coefficients, experienced d u r i n g  
the tests.  
diameter, and contained 50 tubes w i t h  diameters of 50.8 mm (2.0 in ) .  
bundle surface area was approximately 14  m (150 f t  ) .  The wall thickness of the 
tubes was 0.71 mm (0.028 i n ) .  

The tube bundle was approximately 2 m ( 6  f t )  long and 508 mm (20  in) in 

2 2 
The total tube 

The recirculating condensate pump was an in-line vertical centrifugal pump with stain- 
less steel internals and mechanical shaf t  seals which required a small, constant 
flow of cooling water. The pump was electrically driven by a 4-kW (5-hp) TEFC motor. 

The condensate transfer tank  was constructed of large-diameter 304 stainless steel 
pipe. 

The sample condenser and cooler was a small heat exchanger with the sample stream 
flowing t h r o u g h  stainless steel t u b i n g  inside the heat exchanger and cooling water 
f lowing  through t h e  o u t s i d e  j a c k e t  of t h e  heat  exchanger. The purpose o f  t h e  sample 

condenser and cooler was t o  condense the steam samples and cool a l l  samples (both  
steam and condensate streams) so that samples could be taken a t  atmospheric pressure. 
All of the sample connections were manifolded t o  this single condenser and cooler 
with isolation valves allowing one process stream t o  be sampled a t  a time. 

The interconnecting piping and valves were al l  304 stainless s teel ,  except for the 
flanges and the manual flow control valve on the recirculating condensate line which 
were made of carbon-steel; the selection of carbon-steel for these components was 
based on material availability in consideration of the tes t  program schedule and the 
budget. 
of this section. 

The instrumentation and controls will be discussed i n  the following portions 

Test U n i t  Design 

Sizing Criteria. 
0.113 kg/s (900 lb/h) of incoming saturated steam a t  1 7 7 O C  (350OF) with a shellside 
t o  tubeside temperature difference of 5.6OC ( 1 O O F )  a n d  a n  assumed heat transfer co- 
efficient of 3404 W / ( m 2 O o C )  [600 B t u / ( h . f t 2 . O F ) 1 .  This value of the heat transfer 
coefficient was considered t o  be conservative based on earlier in-house studies of 
vertical tube evaporators without the noncondensable gas loadings typical of The 
Geysers steam. 

The tes t  u n i t  heat exchanger was designed t o  condense a nominal 
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The t o t a l  system design was based on e f f i c i e n t  opera t ion  w i t h  an incoming steam con- 

densing r a t e  rang ing  from 0.063 t o  0.189 kg/s (500 t o  1500 l b / h ) .  Cont ro ls  were 

s ized  t o  a l l o w  spec ia l  t e s t s  w i t h  vent  r a t e s  up t o  0.025 kg/s (200 lb/h)--ZO% o f  
the  0.126 kg/s (1000 l b / h )  normal condensing r a t e .  

densate pump and p i p i n g  were s ized  f o r  a f low range o f  0.1 t o  0.3 l / s  (1  t o  4 gpm) 
per  tube. 

The tubeside r e c i r c u l a t i n g  con- 

Operation, Cont ro ls ,  and Ins t rumenta t ion .  

c r i p t i o n  o f  the  o v e r a l l  opera t ion  and c o n t r o l  of t he  t e s t  u n i t  and a d e s c r i p t i o n  
o f  the  t e s t  u n i t  ins t rumenta t ion  as shown i n  F igu re  3-2. The opera t ion  o f  t he  heat 
exchanger i s  s imple and s t ra igh t fo rward ,  w i t h  a minimal amount o f  automatic c o n t r o l  

requirements. A goal i n  the  t e s t  u n i t  design was t o  demonstrate t h i s  s i m p l i c i t y  o f  
operat ion.  The c o n t r o l  f unc t i ons  of the  t e s t  u n i t  f o r  both s teady-state opera t ion  

and upset  cond i t i ons  were as f o l l o w s  ( r e f e r  t o  F igure  3-2) :  

The f o l l o w i n g  d iscuss ion  inc ludes  a des- 

Clean Steam Flow Rate--Set by a manual t h r o t t l e  valve; moni tored by 
a ro tameter .  (Th is  s imulates the  c lean steam demand o f  the  tu rb ine ,  
and would n o t  be a c o n t r o l  f unc t i on  on a f u l l - s c a l e  heat exchanger.) 

Vent Gas Flow Rate--Set by a manual t h r o t t l e  valve; monitored by a 
ro tameter .  

R e c i r c u l a t i n g  Condensate Flow Rate--Set by a manual t h r o t t l e  va lve;  
moni tored by a f l ow  meter. 

Condensate Trans fer  Tank Level--Set by a manual t h r o t t l e  valve; 
moni tored by a l e v e l  g lass.  

Sump Level--Automatical l y  c o n t r o l l e d  by a d i f f e r e n t i a l  pressure l e v e l  
sw i t ch  which opened the  blowdown va lve  on h igh  l e v e l  and shut  t he  
blowdown va lve  on low l e v e l .  (There were s u f f i c i e n t  heat losses from 
the  t e s t  u n i t  t o  cause a s l i g h t  condensate accumulation i n  the  sump 
du r ing  normal operat ion;  thus a1 lowing automatic l e v e l  c o n t r o l  by 
occasional blowdown. A commercial-scale u n i t  would be b e t t e r  insu-  
l a t e d  and would r e q u i r e  a s l i g h t  makeup t o  remain i n  thermodynamic 
e q u i l i b r i u m . )  

Pump-Seal Quench Water Flow Rate--Set by a manual t h r o t t l e  va lve;  
monitored by a f l o w  meter. 

U n i t  Shutdown Cont ro ls - -Automat ica l l y  c losed a i r -opera ted  va lve  on 
i n l e t  steam l i n e ,  and pump power c u t o f f ;  i n i t i a t e d  by any one 
o f  s i x  switches-- low f l o w  i n  r e c i r c u l a t i n g  condensate l i n e ;  low f l o w  
i n  pump-seal quench water l i n e ;  h igh-h igh  sump l e v e l ;  low-low sump 
l e v e l ;  h igh  i n l e t  steam l i n e  pressure; and low i n l e t  steam l i n e  
pressure. 
t o  a l s o  open the  system d r a i n  va lve.  

I n  f r e e z i n g  weather, t h e  u n i t  t r i p  f u n c t i o n  cou ld  be s e t  

The t e s t  u n i t  s t a r t u p  procedure f u r t h e r  demonstrated t h e  s i m p l i c i t y  i n  opera t ion .  
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The startup procedure consisted of the following sequence of manual operations: 

0 Establish proper sump level th rough  f i l l  connection nozzle; ini t ia l  
f i l l  water was fi l tered auxiliary cooling water from the Unit 7 
power p l a n t  

0 Establish pump-seal quench water flow 

0 S t a r t  pump 

0 

0 

Set recirculating condensate flow rate 

Open manual inlet steam bypass valve t o  warm u p  unit and bring unit 
up t o  in le t  steam pressure. 

Open air-operated inlet  steam valve and close manual bypass valve 0 

0 Set vent gas flow rate 

0 Set clean steam flow rate 

0 Set condensate transfer tank level 

The tes t  unit was instrumented t o  allow visual monitoring of temperatures, pressures, 
differential pressures, flow rates, and l i q u i d  levels t o  ass is t  in the manual op- 
eration and control 
as required by the tes t  program. Some of these instruments were described in the 
preceding discussion of the tes t  unit control functions. 
description of the remaining instruments. 

of the tes t  unit, and to provide performance d a t a  information 

The following i s  a brief 

Resistance thermometer probes (RTDs), were located in all  of the system process 
lines. The signals from the RTDs were transmitted back t o  the control panel where 
a digital o u t p u t  of the temperatures was displayed. Pressure gauges were located 
throughout  the tes t  u n i t  system. 
pressures between the inlet  steam and vent gas lines, and between the inlet  steam 
line and the heat exchanger sump. 
in the inlet  steam line. 

Manometers were included t o  monitor the differential 

A n  orifice/manometer flow indicator was located 

TEST PROGRAM AND MAJOR RESULTS 

Test Program Description 

Table 3-1 presents a brief chronological summary of the testing activit ies and other 
significant events t h a t  occurred during the 12-month t es t  program and the equipment 
examination period t h a t  followed the tes t  program. 

Shakedown tests for the tes t  unit were conducted in February 1979 and the actual da ta  
collection was initiated i n  March 1979. Testing operations and da t a  collection 
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Time Period 

Feb.-Mar. 1979 

Mar. -Aug . 1979 

Aug . -0ct. 1979 

0ct.-Dec. 1979 

Dec. 1979 

Dec. 1979- 
Jan. 1980 

Jan. -Dec. 1980 

Table 3-1 

TEST PROGRAM CHRONOLOGY 

S t a r t u p  and shakedown tests 

Baseline testing 

Pump failure; shutdown t o  repair pump and motor and investigate 
corrosion noted inside heat exchanger sump. 

Continued base1 ine testing 

Examined and chemically cleaned heat exchanger t o  determine 
if  scale buildup was occurring 

Postcleaning baseline tests;  detailed chemistry analysis of 
process streams; transient tes ts ;  inlet-steam gas injection 
tes ts ;  special performance tests 

No further testing; extensive examination of tes t  u n i t  heat 
exchanger and equipment including: instrument calibration, 
examination of heat exchanger internals and tube bundle, and 
analysis of material specimens a n d  deposit samples 

continued up through January 1980. The f i r s t  p a r t  of the tes t  program was devoted 
t o  baseline testing w i t h  the purpose o f  establishing the general performance char- 
acteristics (H2S removal and  heat transfer coefficients) of the heat exchanger during 
extended steady-state operation, w i t h  only slight variations in the primary operating 
parameters of vent rate and temperature difference. 

The baseline testing was interrupted when the recirculating condensate pump failed. 
During the resulting shu tdown ,  corrosion p i t t i n g  was discovered i n  the vicinity of 
one of the welds inside the heat exchanger vessel. The pump was repaired, and the 
corrosion problem was thoroughly examined by an outside consultant with the deter- 
mination t h a t  i t  was n o t  serious enough t o  affect the tes t  program. 
ing continued b u t  was interrupted again when the heat exchanger was chemically 
cleaned t o  determine i f  scale buildup was occurring and affecting the heat transfer 
performance. 
tes ts  ( t o  determine the effects of the chemical cleaning), detailed chemistry 
analysis of the process flow streams ( t o  help complete component mass balances), 

Baseline test-  

Operation following the chemical cleaning included additional baseline 

ar t i f ic ia l  increases in inlet  steam H2S and NH3 concentra- 
performance tes ts .  
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January 1980 w i t h  a t o t a l  accumulative opera t ion  t ime o f  approximately 1000 hours. 
During the  fo l l ow ing  months, extens ive examinations o f  t he  t e s t  u n i t  were performed 
inc lud ing  the  c a l i b r a t i o n  o f  the  instruments, a thorough examination of t he  heat 
exchanger i n t e r n a l s  and tube bundle, and labo ra to ry  ana lys i s  o f  ma te r ia l  specimens 
and deposi ts  c o l l e c t e d  i n s i d e  the  heat exchanger a t  var ious  l oca t i ons .  

Base1 i ne Tests 

During the 12-month t e s t  program the  t e s t  u n i t  accumulated a t o t a l  operat ing t ime o f  
approximately 1000 hours, w i t h  t h e  bu lk  o f  t h a t  devoted t o  base l ine  t e s t i n g  and the  

remainder t o  spec ia l  performance tes ts .  The base l ine  t e s t s ,  which are i d e n t i f i e d  i n  
Appendix B, "Test  U n i t  Performance Data," were t h e  most impor tant  p a r t  o f  the  t e s t  
program, cons is t i ng  of r e l a t i v e l y  long continuous s teady-state run  per iods ( t h e  
longest  est imated t o  be 288 hours) w i t h  performance parameters ad justed t o  s imulate 

commercial-scale opera t ion  a t  The Geysers. The purpose o f  t he  basel ine t e s t s  was t o  
ob ta in  enough data t o  adequately demonstrate the  H2S removal c a p a b i l i t y  and heat 
t r a n s f e r  performance o f  the  t e s t  u n i t  heat exchanger, as w e l l  as t o  demonstrate gen- 

e r a l  opera t ing  c h a r a c t e r i s t i c s  o f  t he  heat exchanger. 
t he  vent  r a t e  was genera l l y  maintained between 2% and 8% o f  t he  i n l e t  steam f l ow  
ra te ,  w i t h  an average vent  r a t e  of s l i g h t l y  l ess  than 5%. 
temperature d i f f e r e n c e  (AT)  was genera l l y  maintained between 3OC and 5OC (5OF and 
9OF) w i t h  an average AT o f  about 4OC (7OF). 
c lean steam f l o w  ra te .  
some o f  the  specia l  t e s t s  described below, vent  r a t e s  and AT values were ou ts ide  o f  
these ranges. The extreme ranges fo r  these parameters dur ing  the  t e s t  program were 

1% t o  20% and 2.7OC t o  12.loC (4.9OF t o  21.8OF), f o r  the  vent r a t e  and ~ T r e s p e c t i v e l y .  

During the  basel ine t e s t s  , 

The s h e l l s i d e  t o  tubeside 

The AT was c o n t r o l l e d  by r e g u l a t i n g  the  
On a few occasions dur ing  the  base l ine  tes ts ,  and a l so  dur ing  

Special Tests 

I n  a d d i t i o n  t o  the  base l ine  t e s t s ,  several spec ia l  t e s t s  were conducted. These 
spec ia l  t e s t s ,  which were intended t o  demonstrate performance c h a r a c t e r i s t i c s  o f  t he  
p i l o t  p l a n t  heat exchanger beyond the  p r i n c i p a l  ob jec t i ves  prev ious ly  s ta ted  i n  t h i s  
sec t ion ,  inc luded h igh  vent  r a t e  t e s t s ,  h igh  AP t es ts ,  gas i n j e c t i o n  tes ts ,  and t ran-  
s i e n t  t es ts .  Special chemistry ana lys is  dur ing  the  gas i n j e c t i o n  t e s t s  inc luded de- 
t a i l e d  ana lys is  o f  stream compositions. 

High Vent Rate Tests. These are represented by Data Set numbers 126, 129, 152, and 

153 i n  Appendix B. 
and H2S removal of h igher  vent  ra tes .  
between 17% and 20% o f  the  i n l e t  f low ra te .  Due t o  techn ica l  d i f f i c u l t i e s ,  o n l y  

The purpose of these t e s t s  was t o  note the  e f f e c t  on U values 
During these four  t e s t s  the  vent  r a t e s  ranged 
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t h ree  of the  f o u r  t e s t s  had corresponding U values and on ly  two had corresponding 

values o f  H2S removal. 

High AP Test .  

B. The o b j e c t i v e  was t o  demonstrate the  performance o f  t he  p i l o t  p l a n t  heat ex- 

changer, i n c l u d i n g  i t s  performance as a s i l e n c e r ,  a t  cond i t i ons  s imu la t i ng  a w e l l -  

head a p p l i c a t i o n  du r ing  which the  heat exchanger would discharge d i r e c t l y  t o  the  

atmosphere a f t e r  removing H2S from the  wellhead steam. I d e a l l y ,  the  t e s t  would be 

conducted w i t h  a s h e l l s i d e  t o  tubeside pressure drop (AP) equal t o  the  f u l l  i n l e t  

steam pressure, 758 t o  827 kPa (110 t o  120 p s i ) ;  however, design l i m i t a t i o n s  o f  t he  

p i l o t  p l a n t  o n l y  permi t ted  t e s t i n g  a t  a lower  AP. The t e s t  was run  w i t h  a AP o f  

about 365 kPa (53 p s i )  which corresponds t o  a AT o f  about 27OC (49OF) and a f l o w  

r a t e  about f i v e  t imes g rea te r  than normal. The H2S removal and heat t r a n s f e r  per-  

formance r e s u l t s  o f  t h i s  t e s t  a re  n o t  considered v a l i d  due t o  an unexplained water  

l oss  t h a t  occurred dur ing  the  t e s t ;  the  sump l e v e l  dropped r a p i d l y ,  t r i p p i n g  the  u n i t  

a f t e r  about 20 minutes. 

Th is  t e s t  i s  represented by Data Set numbers 150 and 151 i n  Appendix 

Gas I n j e c t i o n  Tests. 

performance w i t h  s i g n i f i c a n t l y  h igher  concent ra t ions  o f  H2S and NH3 and s i g n i f i c a n t l y  

d i f f e r e n t  r a t i o s  o f  NH3 t o  H2S i n  t h e  i n l e t  steam. 

q u a n t i t i e s  o f  H2S and NH3 gas were i n j e c t e d  i n t o  the  i n l e t  steam l i n e ,  i nc reas ing  

the  concent ra t ions  o f  these components up t o  f o u r  t imes t h e i r  normal concent ra t ions .  

The r a t i o  o f  NH3 concent ra t ion  t o  H2S concent ra t ion  i n  the  i n l e t  steam l i n e  
v a r i e d  from 0.2 t o  2.0 dur ing  these t e s t s .  

Energy Balance Diagrams , ' I  show the  r e s u l t s  of these t e s t s .  

The o b j e c t i v e  o f  these t e s t s  was t o  demonstrate H2S removal 

Dur ing these t e s t s ,  var ious  

Appendix B and Appendix F, "Mass and 

D e t a i l e d  component analyses o f  t h e  m a j o r  f l o w  streams were completed d u r i n g  t h e  gas 

i n j e c t i o n  t e s t s  and base l ine  t e s t s  conducted du r ing  the  same t ime per iod .  These 
analyses inc luded the  de terminat ion  o f  t he  component concent ra t ions  o f  H2S, NH3, 
C02, and t o t a l  noncondensables i n  the  i n l e t  steam, vent, and c lean steam f l o w  streams. 

The r e s u l t s  a r e  shown i n  Appendix F. 

T rans ien t  Tests. 

t i o n s  and Data." 

o f  t he  p i l o t  p l a n t  heat exchanger du r ing  bo th  normal and abnormal t r a n s i e n t  condi- 

t i o n s  t h a t  migh t  be experienced when i n s t a l l e d  upstream o f  a geothermal t u r b i n e  

generator  f a c i l i t y  s i m i l a r  t o  e x i s t i n g  power p l a n t  u n i t s  a t  The Geysers. The t r a n -  

s i e n t  t e s t s  inc luded:  

These t e s t s  a re  descr ibed i n  Appendix E, "T rans ien t  Test  Descr ip-  

The o b j e c t i v e  o f  these t e s t s  was t o  demonstrate t h e  performance 
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0 Startup Ramp--Simulated the normal s ta r tup  load increase r a t e  of  a 
typical power plant turbine a t  T h e  Geysers. 

Clean Steam Valve Sudden Close--Simulated a turbine trip. 

Clean Steam Valve Sudden Open--Simulated rapid load increase a t  the 
t u r b i  ne. 

0 

0 

0 Vent Valve Sudden Close--Simulated sudden shutdown of equipment 
processing heat exchanger vent stream. 

0 Vent Valve Sudden Open--Simulated rapid increase i n  vent rate--may 
be caused by l i n e  rupture, control valve f a i l u r e ,  e t c .  

0 I n l e t  Steam Valve Sudden Close--Simulated sudden loss  of well steam 
supply. 

0 Pump Trip--Simulated t r i p  of condensate recirculat ion pump. 

Major Test Results 

Appendix B ,  "Test U n i t  Performance Data," presents a l i s t i n g  of the c r i t i c a l  per- 
formance parameters f o r  153 data s e t s  representing the estimated 1000 hours of oper- 
a t ion .  
( A T ) ,  the vent r a t e ,  the coeff ic ient  of heat t ransfer  ( U ) ,  and H2S removal values. 

The c r i t i c a l  parameters shown i n  Appendix B include the temperature difference 

The major resu l t s  o f  the f i e l d  t e s t s  are  summarized below: 

0 The t e s t  u n i t  accumulated approximately 1000 hours o f  operation. 

The H S removal r a t e  averaged about 94% w i t h  a range of 87% t o  98%. 
Only 8ne measured point was below 90%. 

The coef f ic ien t  of heat t ransfer  ( U )  averaged about 3268 W / ( m 2 - O C )  
[576 B t ~ / $ h . f t ~ . ~ F ) ]  w i t h  a range of 1889 t o  4471 W/(m2.OC)[333 t o  788 
Btu/(h.f t  .OF)]. All measured U values are  t h o u g h t  t o  be conservative. 

0 

0 The t e s t  u n i t  demonstrated very s'mple and predictable operating 
charac te r i s t ics .  

REMOVAL OF H2S AND OTHER NONCONDENSABLE GASES 

H2S removal data for  the f i e l d  t e s t s  are  shown i n  Appendix B ,  "Test U n i t  Performance 
Data." The H2S removal ra tes  shown are  based on the following equation: 

Clean steam H7S pp m ) ] x  100 I n l e t  steam H2S ppm % H2S removal = 

Appendix F,  "Mass and Energy Balance Diagrams , I '  shows detailed noncondensable gas 
concentrations of the various flow streams for four gas inject ion cases and two base- 
l i n e  cases. 
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The techniques used t o  measure H2S and t h e  o t h e r  noncondensable gas concent ra t ions  
i n  t h e  var ious  streams are  discussed i n  Appendix C, "Data C o l l e c t i o n  and Reduction." 

A l l  b u t  one o f  t h e  46 H2S removal da ta  p o i n t s  shown i n  Appendix B were g r e a t e r  than 

90%. 
w i t h  an average o f  94.0% and a s tandard d e v i a t i o n  o f  2.1%. 
p l o t s  o f  H2S removal versus vent  r a t e  and AT. 

shown between t h e  H2S removal r a t e  and AT (no d i r e c t  c o r r e l a t i o n  i s  expected based 
on t h e o r y ) ,  these f i g u r e s  do i n d i c a t e  t h a t  t h e  H2S removal r a t e  i s  dependent on t h e  
vent  r a t e ,  i n c r e a s i n g  as the  vent  r a t e  i s  increased, as p r e d i c t e d  by theory .  
seen i n  F i g u r e  3-4, however, t h e  l i n e a r  curve f i t  o f  t h e  data g ives  va lues s l i g h t l y  

l e s s  than t h e o r e t i c a l  va lues based on average c o n d i t i o n s  a t  The Geysers, w i t h  t h i s  
d i f f e r e n c e  i n  percent  removal values rang ing  f rom about 1 a t  a vent  r a t e  o f  1% t o  
about 3 a t  a vent  r a t e  o f  10%. In fo rmat ion  prov ided f rom Appendix D, "H2S Removal 
E r r o r  Analys is , "  i n d i c a t e s  t h a t  the  expected v a r i a t i o n s  i n  percent  H2S removal values 

due t o  f l u c t u a t i o n s  i n  i n l e t  steam concent ra t ions  of H2S and NH3 expected a t  The 
Geysers range from 0.5 t o  2, and t h a t  t h e  expected e r r o r  n percent  H2S removal 
values due t o  chemist ry  a n a l y s i s  techniques ranges f rom 1 t o  4. E r r o r  bands o f  
21 and f 4  a r e  i n d i c a t e d  i n  F i g u r e  3-4 and, as can be seen most o f  t h e  data p o i n t s  
and t h e  p r e d i c t e d  values a r e  i n s i d e  t h e  f4 band. 

The measurements ranged from 98.1% t o  87.3 % ( t h e  one p o i n t  lower  than go%), 
F igures 3-4 and 3-5 show 

Although no conc lus ive  c o r r e l a t i o n  i s  

As 

Dur ing t h e  h i g h  vent  r a t e  t e s t s  (Data Sets 126 and 129 i n  Appendix B), t h e  H2S r e -  

moval r a t e s  were approx imate ly  97% which, when compared w i t h  t h e  o v e r a l l  average 
va lue o f  94% and t h e  s tandard d e v i a t i o n  o f  2.1%, supports t h e  theory  t h a t  t h e  H2S 
removal i s  enhanced by h i g h e r  vent  r a t e s .  

Appendix F shows d e t a i l e d  analyses o f  H2S and o t h e r  noncondensable gases i n  t h e  var-  
i o u s  f l o w  streams f o r  s i x  s p e c i f i c  cases: 
t h e  i n l e t  steam composit ion was m o d i f i e d  by i n j e c t i n g  H2S and NI13, and two base l ine  
t e s t  cases d u r i n g  t h i s  same genera l  t i m e  p e r i o d  ( t h e  means f o r  per fo rming  these com- 
p l e t e  analyses were n o t  a v a i l a b l e  d u r i n g  o t h e r  per iods  o f  t h e  t e s t  program). 
each o f  t h e  s i x  cases i n  Appendix F, t h e  measured H2S removal r a t e s  a r e  compared 

w i t h  t h e  p r e d i c t e d  removal r a t e s  based on i n t e r p o l a t i o n  o f  F igures 2-2 and 2-3 f o r  
t h e  measured i n l e t  H2S, NH3, and C02 concent ra t ions  and t h e  measured vent  r a t e s  f o r  

each case. The measured percent  H2S removal values ranged from 0 t o  5 l e s s  than the 
p r e d i c t e d  percent  removal values. The i n l e t  r a t i o  o f  NH3 concent ra t ion  t o  H2S con- 

c e n t r a t i o n  ( i n  terms o f  ppm) ranged from 0.2 t o  2.0; however, no conc lus ive  c o r r e l a -  

t i o n  between the  H2S removal r a t e  and t h i s  r a t i o  can be seen i n  the data.  Theory 
p r e d i c t s  t h a t  the H2S removal r a t e  i s  very  dependent on t h i s  r a t i o .  

the  H2S mass balance c losures ranged from -35% t o  +37%. These c l o s u r e  values can 

f o u r  gas i n j e c t i o n  t e s t  cases d u r i n g  which 

Wi th 

In Appendix F, 

3-1 3 



c 

100- 

99- 

w 
t 

P 
A 

c 
4 -  e - c 

c -  

,Prsdi cted H2S removal 

v, 
I 
bp 

N 

90- 

89 - 
88- 

87' 

H 

i cal Geysers condi t i  ons 3 4 -  
4 c 

d - c 
4 

Chemistry analysis error  range: 
bands shown for  reference) 

Variations due t o  expected fluctuations in i n -  
l e t  H2S and NH3 concentrations: 

1-4%* (error  4 c 
4 

0.5-2%* 

0 

*Based on Appendix D 
I I I I I I I I 1 I I I I I I I I I 

Figure 3-4. Test U n i t  Performance: H2S Removal Versus Vent Rate 



99 1 

98 - 
97 - 
96 - 
95 - 
94 - 
93 - 
92 - 
91 - 
90 

0 
0 
8 

Vent Rate = 1-3% 0 
0 0  Mean H2S Removal = 93.5% 

? 14 (5 OC 
8 

11 12 . 

0 
0 Vent Rate = 4-5% 

Mean H2S Removal = 94.2% 
8 0 Q 0 

0 
30 0 

99 - 
98 - 
97 - 
96 - 

> 
O 95 - 5 

I" 93 - 
94 - 

;j-e 92 - 
91 - 
90 

m 

f 

1 2 3 4 5 OC 
I I I 

99 7 

98 - 
97 - 
96 - 
95 - 
94 - 
93 - 
92 - 
91 - 
90 

Temperature difference 

0 

Vent Rate = 7-8% 
Mean H2S Removal = 95.6% 

1 2 3 4 5 OC 

. I I 1 I I 1 

F l u r e  3-5. Test U n i t  Performance: H2S Removal Versus Temperature Differe 

3-1 5 

ce 



probably be explained by the f a c t  t h a t  they depend on the water mass balance 
closures,  which were as much as  26% o f f ,  and also due t o  the awkward combination 
of chemistry analysis techniques tha t  had t o  be used f o r  determining the relat ively 
h i g h  H2S concentrations i n  the vent stream, as discussed i n  Appendix C .  

Appendix F a l so  presents data re la ted t o  removal of other noncondensables. 
measured removal of NH3 ranged from 0% t o  60%. 
condensables, which i s  mostly C O Z Y  could n o t  be measured d i rec t ly  because the clean 
steam concentrations were n o t  detectable ( the  required gas bubbles, as described i n  
Appendix C ,  could not be co l lec ted) .  
the calculated mass flow ra tes  of the to ta l  noncondensables i n  the vent stream were 
greater than i n  the  i n l e t  stream, i t  appears tha t  almost a l l  of the noncondensables 
were removed. The estimated removal i s  98 percent. 

The 
The removal r a t e  of the to ta l  non- 

Because no bubbles could be seen and because 

The most s ign i f icant  aspects of the experimental resu l t s  w i t h  respect t o  H2S removal 
are  tha t  throughout the f i e l d  t e s t s  the H2S removal r a t e  was greater  than 90% (except 
f o r  one data point)  and t h a t  most of the H2S removal data were s ignif icant ly  greater  
than 90%, averaging 94%. 
the removal ra tes  were very h i g h  f o r  C02, approaching 100%; however, the measured 
removal of NH3 was qui te  variable.  

W i t h  respect t o  removal of other noncondensables, 

HEAT TRANSFER PERFORMANCE 

The coeff ic ient  of heat t ransfer  (u) Values calculated from f i e l d  measurements are  tab- 
ulated i n  Appendix B. This heat t ransfer  coeff ic ient  i s  defined as follows: 

u = 4 _  
AAT (3-2) 

where Q = heat t ransfer  r a t e ,  she l l s ide  t o  tubeside 
A = tube surface area 

AT = she l l s ide  t o  tubeside temperature difference 

Appendix C describes the method used f o r  calculat ing the U values from the f i e l d  data. 
These values, shown as 148 data p o i n t s ,  ranged from 1889 t o  4471 W / ( m 2 S 0 C )  [333 t o  
788 Btu/(h.ft2-OF)] , w i t h  an average value of 3268 W / ( m 2 S 0 C )  [576 B t ~ / ( h - f t ~ . ~ F ) ]  
and a standard deviation of 482 l-J / (m2.0C) [85 Btu/(h-ft2-'F)]. As noted i n  Appendix 
B ,  the re la t ive ly  low U values measured d u r i n g  t e s t  run numbers 150 and 151 were not 
included above because of extreme water mass balance problems experienced d u r i n g  
these runs. 
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The measured U values a r e  shown p l o t t e d  w i t h  respec t  t o  vent  r a t e  and AT i n  F igure  
3-6. 

the  vent  r a t e  and AT cannot be obv ious ly  shown from t h e  f i e l d  data,  
t h e  U va lue would be expected t o  inc rease as e i t h e r  t h e  vent  r a t e  o r  AT was i n -  
creased due t o  a decrease i n  t h e  noncondensable b l a n k e t i n g  e f fec t ,  e i t h e r  by purg ing  

t h e  s h e l l s i d e  o f  the  heat  exchanger o r  by i n c r e a s i n g  t h e  tu rbu lence on t h e  s h e l l s i d e  
because o f  t h e  h i g h e r  f l o w  r a t e s  assoc ia ted  w i t h  t h e  h igher  AT. 

As can be seen i n  t h i s  f i g u r e ,  c o r r e l a t i o n s  between t h e  measured U values and 
I n t u i t i v e l y ,  

Dur ing the  h i g h  vent  r a t e  t e s t s ,  w i t h  vent  r a t e s  approx imate ly  four  t imes t h e  normal 
r a t e  (Data Sets 126, 129, 152, and 153 i n  Appendix B) ,  t h e  r e s u l t i n g  U values were 
very  c l o s e  t o  t h e  o v e r a l l  average U value, f u r t h e r  showing a l a c k  o f  c o r r e l a t i o n  be- 
tween vent  r a t e s  and measured U’va lues.  

Throughout t h e  t e s t  program these values were c o n s i s t e n t l y  lower  than p r e d i c t e d  v a l -  

ues as shown i n  Table 4-2 o f  Sec t ion  4. The fo rmat ion  o f  f i l m s  o r  s c a l e  depos i ts  on 
t h e  heat  t r a n s f e r  sur faces was i n i t i a l l y  suspected t o  be t h e  reason f o r  t h e  lower  
t e s t  da ta  values. 
i f  f i l m  o r  s c a l e  fo rmat ion  was causing t h e  lower  c a l c u l a t e d  U va lues.  
t h e  c a l c u l a t e d  U values be fore  and a f t e r  chemical c leaning,  no conc lus ive  d i f f e r e n c e  
cou ld  be seen. 

The t e s t  u n i t  heat  exchanger was chemica l l y  cleaned t o  determine 
When comparing 

Examinations o f  t h e  t e s t  u n i t  revealed severa l  d e f i c i e n c i e s  i n  t h e  heat  exchanger de- 
s i g n  and c o n d i t i o n  t h a t  would cause t h e  c a l c u l a t e d  U values t o  be s i g n i f i c a n t l y  lower  
than t h e  a c t u a l  U values. 
o f  t h e  lower  tubesheet gasket which would a l l o w  considerable leakage o f  condensate 

The most n o t a b l e  d e f i c i e n c y  was t h e  i n a p p r o p r i a t e  design 

from t h e  s h e l l s i d e  t o  t h e  tubeside. T h i s  leakage would n o t  a f f e c t  t h e  a c t u a l  
exchanger performance w i t h  respec t  t o  H2S removal o r  heat t r a n s f e r  b u t  would 
a f f e c t  t h e  f l o w  r a t e  measurements used i n  c a l c u l a t i n g  t h e  heat  exchanger U va 

(see Appendix C) i n  a conserva t ive  manner so t h a t  t h e  measured U values shown 

Appendix B are probably  lower  than t h e  a c t u a l  U values. 

The most impor tan t  r e s u l t  w i t h  respec t  t o  heat  t r a n s f e r  performance i s  t h a t  f 

heat 

ue 

i n  

e l  d 
data a re  now a v a i l a b l e  f o r  c a l c u l a t i o n  of t h e  heat  t r a n s f e r  c o e f f i c i e n t  o f  a v e r t i c a l  
tube evaporator  i n  t h i s  geothermal a p p l i c a t i o n  and these c a l c u l a t i o n s  a r e  l i k e l y  
conserva t ive .  

MASS AND ENERGY BALANCES 

Mass and energy balances f o r  s i x  s e l e c t  cases a r e  shown i n  Appendix F. These i n c l u d e  

bo th  b a s e l i n e  t e s t s  and spec ia l  t e s t s  d u r i n g  which t h e  i n l e t  steam composi t ion was 
m o d i f i e d  by i n j e c t i n g  H2S and NH3. 
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The diagrams include total mass balance, H2S mass balance, and  heat balance informa- 
tion in addition t o  detailed analysis of various streams for other noncondensables in- 
cluding N H 3 ,  C02, and total noncondensables. The H2S mass balances and the informa- 
tion on the other noncondensables were discussed earlier in this section. A dis- 
cussion of the total mass balance and energy balance closures i s  presented below. 

For the six cases the t o t a l  mass balance closures ranged from a net system loss of 
26% t o  a net system gain of 8%. This can be best explained by limited accuracies i n  
flow measurement methods and instrumentation. The energy balance closures ranged 
from a net system loss of 23% t o  a net system gain of 9%. 
pendent on the total mass balance; therefore, the same degree of lack of closure i s  
expected. 

The energy balance i s  de- 

As discussed ear l ier  i n  this section, i t  i s  believed t h a t  the measured heat transfer 
coefficient (U) values are low because of significant internal leakage across the 
bottom tubesheet. 
exchanger discussed later in this section. The measured U value was based on the 
measured flow rate from the shellside t o  the tubeside th rough  the condensate transfer 
line. 
the condensate transfer rate, thus indicating a measured U value lower t h a n  the ac- 
tual U value. 
shown on the diagrams) the indicated error of the measured condensate transfer flow 
rate ranged from 31% t o o  low t o  11% too  h i g h .  

This leakage was visually noted d u r i n g  an examination of the heat 

Any leakage across the bottom tubesheet would give a false low measurement of 

In  completing independent shellside and tubeside mass balances ( n o t  

The implied error i n  the condensate transfer rate for most of the cases was not  con- 
sistent for the independent shellside and tubeside mass balances. 
mass balances shown i n  Appendix F do n o t  conclusively support the argument t h a t  the 
measured U values are conservative; however, this i s  believed t o  be so based on the 
visual observations discussed la ter  in this section. 

Therefore, the 

OPERATIONAL CHARACTERISTICS AND RESPONSE TO TRANSIENTS 

As predicted, the operation of the tes t  u n i t  proved t o  be very simple. 
function automatically controlled was the sump level ; a1 1 other control functions 
were manually set .  
in a few minutes when changing the control parameters of the pilot plant (vent and  
clean steam flow rates) within the 
Cold startup required a warm-up period between 30 minutes and an hour, after which 
time the desired steady-state operating condition was obtained within a few minutes. 
The pilot p l a n t  would easily accept normal fluctuations i n  inlet  steam pressures and 

The only 

A stable steady-state operating condition was easily obtained with- 

intended operating ranges of the pilot p l a n t .  
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temperatures. 
o f  continuous o p e r a t i o n  l a s t i n g  f o r  severa l  days w i t h  opera tor  a t t e n t i o n  d u r i n g  o n l y  

a few hours a day. 

As p r e v i o u s l y  discussed, t h e  base1 i n e  t e s t s  i n c l u d e d  severa l  per iods  

The t e s t  u n i t  d i d  demonstrate an unusual o p e r a t i n g  c h a r a c t e r i s t i c  d u r i n g  t h e  h i g h  
AP t e s t .  As p r e v i o u s l y  discussed, t h e  sump l e v e l  dropped very  r a p i d l y  dur ing  t h i s  
t e s t .  The t e s t  u n i t  was o p e r a t i n g  a t  a f l o w  r a t e  o f  about f i v e  t imes t h e  normal 
r a t e  d u r i n g  t h i s  t e s t  and i t  i s  p o s s i b l e  t h a t  t h e  condensate t r a n s f e r  l i n e  c o u l d  
keep up w i t h  t h e  condensing r a t e .  

a s i l e n c e r  i s  t h a t ,  a t  b o t h  a normal opera t ing  AP o f  about 110 kPa (16 p s i )  
h i g h  AP o f  365 kPa (53 p s i )  experienced d u r i n g  t h e  t e s t ,  t h e  no ise  generated 

t h e  heat exchanger c o u l d  n o t  be heard above e x i s t i n g  o p e r a t i o n a l  no ise  a t  Un 

One o b j e c t i v e  o f  t h e  h i g h  AP t e s t  was t o  eva lua te  t h e  t e s t  u n i t ' s  performance as 

s i l e n c e r .  The o n l y  observa t ion  t h a t  can be made w i t h  respec t  t o  t h e  performance 
and 
i n s  

t 7  

n o t  

a 

as 
the  
de 

Dur ing a l l  o f  t h e  t r a n s i e n t  t e s t s ,  as descr ibed i n  Appendix E, t h e  t e s t  u n i t  per-  

formed very  w e l l  and d i d  n o t  demonstrate any t r a n s i e n t  c h a r a c t e r i s t i c s  t h a t  would be 
d e t r i m e n t a l  t o  t h e  heat  exchanger opera t ion  o r  t o  power p l a n t  opera t ion  when i n -  
s t a l l e d  upstream o f  a t u r b i n e  generator  u n i t .  The heat exchanger responded smoothly 
and main ta ined s t a b l e  opera t ion  d u r i n g  a l l  t e s t s  except t h e  Clean Steam Valve Sudden 
Open t e s t ;  d u r i n g  t h i s  t e s t ,  t h e r e  was a f a l s e  i n d i c a t i o n  o f  h i g h  sump l e v e l  (a l though 
t h e  sump l e v e l  had n o t  a c t u a l l y  changed s i g n i f i c a n t l y )  which caused t h e  t e s t  u n i t  t o  

t r i p .  
t i o n s  when vessels  c o n t a i n i n g  s a t u r a t e d  l i q u i d  a r e  r a p i d l y  depressurized. 
problem can be c o r r e c t e d  by a p p r o p r i a t e l y  s i z i n g  t h e  sump w i t h  respec t  t o  r i s e  r a t e s  
and c a p a c i t y  and by i n c o r p o r a t i n g  t i m e  delays i n  t h e  h igh l e v e l  swi tches.  

T h i s  type  o f  f a l s e  i n d i c a t i o n  i s  a common phenomenon i n  power p l a n t  a p p l i c a -  
Th is  

PERFORMANCE OF EQUIPMENT AND MATERIALS 

Corros ion 

Inspec t ions  o f  t h e  t e s t  u n i t  revea led  no evidence o f  c o r r o s i o n  on t h e  304 SS ( s t a i n -  
l e s s  s t e e l )  components of  t h e  heat  exchanger vessel o r  t h e  t i t a n i u m  tubes, w i t h  one 

except ion.  T h i s  except ion  i n v o l v e d  p i t t i n g  cor ros ion ,  o r  weld decay, which was d i s -  
covered a t  one weld l o c a t i o n  i n s i d e  t h e  sump. A d e t a i l e d  a n a l y s i s  (1) o f  t h i s  c o r -  

r o s i o n  a t t r i b u t e d  t h e  problem t o  improper weld ing procedures. S p e c i f i c a l l y ,  316 SS 

weld m a t e r i a l  was used t o  weld t h e  304 SS components. 
welds i n s i d e  t h e  vessel show no s igns  o f  cor ros ion .  

A l l  o t h e r  s t a i n l e s s  s t e e l  
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The localized p i t t i n g  corrosion did n o t  a f f e c t  the in tegr i ty  of the vessel during 
the t e s t  program. 
of this p i t t i n g ,  i t  could cause problems i f  the vessel was used f o r  an extended 
period of time. 
additional corrosion was found. 

I t  was recognized, however, tha t  i f  there  were a slow progression 

No Accordingly, the vessel was inspected again about a year l a t e r .  

As expected, the carbon s tee l  p i p i n g  components of 'the t e s t  u n i t  showed some evidence 
of minor corrosion (such as  rus t  forming i n  the recirculat ion l i n e ) ;  however, no 
serious corrosion of the carbon s tee l  p i p i n g  components was experienced. 

Tube Foul i n g  

Early i n  the t e s t  program, a visual inspection of the heat exchanger tubes indicated 
a d i r t - l i k e  film on the outside of the tubes. Baseline testing was continued. T h e n ,  
a f t e r  performance had been established by several months of t e s t i n g ,  the heat exchanger 
was chemically cleaned using hot solutions of KMn04 and NaOH followed by c i t r i c  acid. 
The purpose of the cleaning was t o  see i f  the measured heat t ransfer  coeff ic ients  
would be h i g h e r  a f t e r  cleaning, t h u s  indicating the presence of s ign i f icant  scaling 
on the t u b e  surfaces before cleaning. 
basis of laboratory tests tha t  were made us ing  a very small amount of deposit scraped 
from the outside of the tubes and from inside of the vent l ine .  The chemical cleaning 
resulted i n  no conclusive change in measured heat t ransfer  coeff ic ients ;  t h u s ,  the 
existence of s ign i f icant  tube fouling d i d  not appear t o  e x i s t  p r ior  t o  the chemical 
cleaning. 

T h i s  cleaning procedure was chosen on the 

A few months a f t e r  the conclusion of the tes t  program, the tube bundle was removed 
from the heat exchanger and specimens of the tubes were taken for  analysis .  The 
only visual evidence of  f i lm deposits on the tube walls was the existence of what 
appeared t o  be a very t h i n  blue "film" on the outside of the tubes and t h i n  brown 
"film" on the inside.  These "films" and other  minor deposits collected from the 
tube bundle and from inside the heat exchanger were analyzed by an outside labora- 
tory (2) w i t h  the following resu l t s :  

The blue "film" on the outside of the tube specimen was too t h i n  t o  
analyze. 

The brown "film" inside the tube  specimen was found t o  be l e s s  than 
1000 angstroms thick and was ident i f ied  as an organic material .  
This is  probably the resu l t  of the deter iorat ion of the p l a s t i c  
flow d i s t r i b u t o r ,  a; discussed below. 

0 
I t  was explained as probably be ing  heat discoloration. 

0 

0 The collected deposits were shown t o  be various corrosion and oxida- 
t ion products of i r o n  and s u l f u r ,  probably occurring i n  the carbon 
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steel steam lines upstream of the t e s t  u n i t ,  being caused by the 
occasional exposure t o  oxygen when the system i s  open t o  atmosphere. 

Flow Distributors 

Two types of plastic flow distributors were used in the tops o f  the heat exchanger 
tubes during the t e s t  program. 
completely disintegrated early in the t e s t  program. 
placed with distributors made of a high temperature plast ic ,  Riton. 
th roughou t  the remaining portions of the t e s t  program w i t h o u t  showing any signs of 
significant deterioration. 
posure, b u t  did n o t  appear damaged in any way t h a t  would affect  their  normal 
function. 

The f i r s t  distributor material used was nylon, which 
The nylon distributors were re- 

These lasted 

The Riton distributors did become embrittled by the ex- 

Gaskets and Seals 

Several types of elastomer materials, including Viton, were used as gaskets and 
internal seals. All of the elastomer materials seemed t o  be unsuitable for the 
a p p l  ication, probably due t o  the elevated temperatures. 
ternative seal designs w i l l  be used t o  resolve th i s  problem. 

In  future appl  ications, a1 - 

The most significant seal problem was a t  the lower tubesheet. Leakage a t  th is  lo-  
cation resulted in some condensate not  flowing th rough  the transfer l ine where the 
condensing rate measurement was made. 
eff ic ient  values were lower than the actual values. Thus, the heat transfer perform- 
ance measurements of the t e s t  unit are t h o u g h t  t o  be conservative; t h a t  i s ,  lower 
t h a n  actually achieved. 

As a resul t ,  the calculated heat transfer co- 

Tube Bundle Deficiencies 

Early in the t e s t  program i t  was discovered t h a t  2 of the 50 tubes were crushed, 
probably due t o  excessive pressure during the hydrostatic pressure tes t s .  
program was continued with the crushed tubes, with the understanding t h a t  the heat 
transfer performance might be adversely affected. 
would be reduced by 4% i f  these tubes provided no usable heat transfer area. 

The tes t  

The heat transfer coefficient 

Examinations of the heat exchanger a f te r  the conclusion of the t e s t  program indicated 
t h a t  significant leakage was occurring between the tubes and lower tubesheet. 
leakage would increase the effect  of the lower tubesheet seal leakage, as previously 
discussed, causing the calculated heat transfer coefficient t o  be lower than  the 
actual value. 

This 
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Pump F a i l u r e  

The t e s t  program was i n t e r r u p t e d  by t h e  f a i l u r e  o f  t h e  r e c i r c u l a t i n g  condensate pump 

and motor. 

water  i n t r u s i o n  i n t o  t h e  pump motor. Both o f  these problems were independent o f  t h e  

s p e c i f i c  process a p p l i c a t i o n  and c o u l d  have been prevented by b e t t e r  equipment spe- 

c i f i c a t i o n  and s e l e c t i o n .  

Two independent problems were invo lved:  f a i l u r e  o f  t h e  pump seal  , and 

Chemistry Ana lys is  f o r  Future S e l e c t i o n  o f  M a t e r i a l s  

To a i d  i n  t h e  s e l e c t i o n  o f  m a t e r i a l s  f o r  subsequent systems, p e r i o d i c  pH a n a l y s i s  and 

s p e c i a l  l a b o r a t o r y  analyses f o r  var ious  species i n  t h e  var ious  f l o w  streams were con- 

ducted. 

0 

0 Vent pH--6.3 t o  7.6 

0 Clean steam pH--8.8 t o  9.4 

0 Condensate t r a n s f e r  pH--8.5 t o  9.0 

0 R e c i r c u l a t i n g  condensate pH--7.1 t o  7.5 

The r e s u l t i n g  pH ranges were as f o l l o w s :  

I n l e t  steam pH--6.1) t o  7.1 

Appendix G, "Specia l  Laboratory  Ana lys is  f o r  Ammonia, Boron, and Chlor ide,"  presents  

t h e  r e s u l t s  o f  s p e c i a l  analyses conducted f o r  these species i n  var ious  f l o w  streams 

o f  t h e  t e s t  u n i t .  
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Sect ion  4 

EVALUATION OF ADVANCED HEAT TRANSFER DESIGNS 

INTRODUCTION 

The h e a t  exchanger type used i n  t h e  t e s t  u n i t  a t  The Geysers, as d iscussed i n  Sec- 

t i o n  3, i s  t h e  v e r t i c a l  tube f a l l i n g - f i l m  evapora tor  (VTE) w i t h  smooth tubes. Since 

the  h e a t  exchanger represents  as much as 75% of  t h e  t o t a l  c a p i t a l  equipment c o s t  f o r  

the  process, i t  i s  d e s i r a b l e  t o  cons ider  a l t e r n a t i v e  heat  t r a n s f e r  designs which 

c o u l d  reduce the  heat  exchanger s i z e  and cos t .  

ered: 

evaporator  (HTE) w i t h  smooth tubes. 

Two o t h e r  designs have been consid- 

(1) a f a l l i n g - f i l m  VTE w i t h  doubly f l u t e d  tubes, and ( 2 )  a h o r i z o n t a l  tube 

The purpose o f  t h i s  s e c t i o n  i s  t o  compare the  p r e d i c t e d  performance and c o s t  o f  the 
f l u t e d - t u b e  VTE u n i t  and the  HTE u n i t  w i t h  those f o r  a VTE w i t h  smooth tubes. A 
l i t e r a t u r e  rev iew was made of heat  exchanger design and performance data t o  es t imate  

comparative o v e r a l l  hea t  t r a n s f e r  c o e f f i c i e n t s  (U). Costs were then determined 
based upon i n f o r m a t i o n  prov ided by manufacturers o f  t u b i n g  and heat  exchangers. 

Although r e s u l t s  o f  t h i s  s tudy  a r e  l i m i t e d  because o f  the l a c k  o f  data on heat  

t r a n s f e r  c o e f f i c i e n t s  a t  t h e  c o n d i t i o n  o f  i n t e r e s t ,  some comparison o f  performance 

and cos ts  has been poss ib le .  No s i g n i f i c a n t  c o s t  improvement was seen i n  a VTE w i t h  

f l u t e d  tubes over  a VTE w i t h  smooth tubes. Th is  i s  due t o  t h e  h i g h  thermal conduc- 
t i v i t y  o f  t h e  s t a i n l e s s  s t e e l  and t i t a n i u m  tubes t h a t  a r e  used w i t h  geothermal 

steam, which i n  t u r n  r e s u l t  i n  l a r g e  w a l l  res is tances  f o r  the  f l u t e d  tubes.  On the  

o t h e r  hand, i t  appears t h a t  HTEs can achieve an inc rease i n  h e a t  t r a n s f e r  c o e f f i -  

c i e n t  o f  approx imate ly  50%. However, the  c o s t  quota t ions  rece ived f o r  an HTE u n i t  

were double those f o r  comparable v e r t i c a l  tube exchangers. The h i g h  HTE cos ts  can 

n o t  be j u s t i f i e d  on the  bas is  o f  equipment design o r  complex i ty  and may be due s o l e l y  

t o  t h e  p r e v i o u s l y  noncompet i t ive supply  s i t u a t i o n ;  i t  i s  expected t h a t  these costs  

w i  11 decrease s u b s t a n t i a l l y  because o t h e r  manufacturers a re  beg inn ing  t o  supply  HTE 

un i  t s .  
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VERT1 

Doubl 

CA 
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,L TUBE EVAPORATOR WITH FLUTED TUBES 

fluted tubes were developed by the desalination industry t o  increase the heat 
transfer coefficients over the smooth-tubes VTE u n i t .  
ricated with ridges bo th  on the inside and outside tube surfaces. Al though there 
are a number of different configurations, a comon doubly fluted tube i s  shown in 
Figure 4-1. 

Doubly fluted tubes are fab- 

R -  
OD - 
TYP - 

Radi us . -  k . 3 0 0  4 I- .025 F ? 
Outside diameter I I I 

-’ L .013 R 

Dimensions - centimeters 

Figure 4-1. Cross Section of a Doubly Fluted Heat Exchanger Tube 

Source: Reference 1 .  

The major advantages of the doubly fluted tubes are t h a t  the condensing heat trans- 
f e r  coefficient i s  greatly improved. This i s  due t o  surface tension effects t h a t  
cause most of the condensate t o  flow through the channels, leaving the ridge area 
with a very thin condensate layer t h a t  has a very low resistance t o  heat transfer. 

Extensive testing of heat transfer characteristics of doubly fluted tubes in VTE 
units has been conducted by the then Office of Saline Water (OSW), U.S. Department 
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of the  I n t e r i o r .  

per, aluminurn/brass and 9O:lO copper /n icke l  a l l o y s  (Table 4-1). 

Most o f  t h e i r  work was done i n  desa l i na t i on  app l i ca t i ons  w i t h  cop- 

Table 4-1 

HEAT TRANSFER PERFORMANCE OF DOUBLY FLUTED TUBES 

Thermal Conduct iv i t y  Tube 
Mater i  a1 W/ ( m2 . OC I B t u / (  h - ft2 .OF)1 

Copper 1350 (238) 

A1 /brass 3 30 (58) 

90: 10 Cu/Ni 150 (27) 

Experimental U 

W/ ( m2 -OC) r B tu /  ( h - f t2. OF ) ] 

14 , 750 (2600) 

10,500 ( 1850 

7,940 (1400) 

Basis: 

F l u i d  media -- seawater, steam 

Tube f l u t e  p r o f i l e  -- ORNL #9/80/80 

Nominal 3" OD; L/D = 8 

Nominal w a l l  th ickness -- 1.65 mm (0.065 i n )  before f l u t i n g  

Evaporation temperature -- 7loC ( 16OoF) 
Condensing temperature -- 82OC (180OF) 

SFO* -- 1.35 

-- 1.24 mm (0.049 i n )  f l u t e d  

*Surface Fac tor  Ou ts ide - - ra t i o  of t r u e  ou ts ide  surface area 
t o  sur face  area o f  comparable smooth tube w i t h  same OD 
Source: References 1, 2. 

The r e s u l t s  i n d i c a t e d  t h a t  t he  o v e r a l l  t r a n s f e r  c o e f f i c i e n t s  f o r  f l u t e d  tubes were 

on the o rde r  o f  100% h ighe r  than f o r  smooth tubes. The data a l so  showed t h a t  the  

thermal c o n d u c t i v i t y  o f  the  tube w a l l  had an impor tan t  e f f e c t  on hea t  t r a n s f e r  co- 

e f f i c i e n t s .  This i s  main ly  a t t r i b u t e d  t o  a l onger  heat  t rans fe r  path through the  

w a l l  o f  f l u t e d  tubes than f o r  smooth tubes. Resistance t o  heat  f low i s  the re fo re  
h i g h l y  dependent on thermal conduc t i v i t y .  

The o v e r a l l  hea t  t r a n s f e r  c o e f f i c i e n t  f o r  cond i t ions  of i n t e r e s t  i n  app ly ing  t h i s  

design t o  geothermal steam a p p l i c a t i o n ~ - - l 7 7 ~ C  (35OOF) steam w i t h  304 SS ma te r ia l s  
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of construction--can n o t  be readily calculated because there are no adequate models 
o r  generalized correlations for evaluating fluted-tube film coefficients. However, 
extrapolations of da ta  from lower-temperature tes ts  can be used t o  compare the heat 
transfer performance of the two types of tubes a t  geothermal temperatures. 

The basis for  estimating U for the required condition i s  t h a t  the overall heat 
transfer coefficient i s  the same for different materials i f  the resistance o f  tube 
walls i s  neglected. A simplified equation for U can then be developed of  the form: 

1 1 ax G = F * + m  

where h* = net cumulative film coefficient accounting for heat transfer through l iq- 
uid film on both sides of the tube wall 

ax  = effective wall thickness for a fluted tube of actual thickness x 

k = thermal conductivity of the tube wall 

I f  i t  i s  assumed t h a t  the effective wall thickness of a l l  tube materials i s  the 
same, then by curve f i t t i ng  heat transfer d a t a  for  the three materials i n  Table 4-1, 
a net film coefficient, h*, can be calculated. To extrapolate h* t o  1 7 7 O C  (35OOF) a 
design correlation of U versus temperature da ta  presented by Coury (2) for 9O:lO 
Cu/Ni alloy i s  used. Based on this approach, U for  304 SS a t  1 7 7 O C  (35OOF) i s  e s t i -  
mated t o  be about  4426 W/(m2.0C)  [780 B t ~ / ( h . f t ~ . ~ F ) ]  for  51-mm (2-in) O D  tubes. 

The cost basis for  VTEs with fluted tubes can be developed by combining smooth-tube 
VTE costs w i t h  the incremental cost required for fabricating fluted tubes. Costs i n  
1979 dollars for falling-film VTEs i s  $193.77 per sq m ($18 per sq f t)* surface area 
based upon construction of large units using 304 SS. 
struction cost approximately $4.92 per m ($1.50 per f t)* more t h a n  smooth tubes of 
304 SS. Therefore, for  51-mm (2-in) OD tubes, the cost of f luting adds $32.29 per 
sq m ($3  per sq ft) t o  the basic heat exchanger cost, yielding a total estimated 
cost of $226.06 per sq m ($21/sq f t )  . 

Fluted tubes o f  304 SS con- 

HORIZONTAL TUBE, SPRAY-FILM EVAPORATOR 

In the HTE spray-film u n i t ,  the geothermal steam i s  introduced on the tubeside and 
condensate on the shellside. The condensate would be sprayed over the outside of 

*Personal communications: Resources Conservation Company, Grob Tube Company, and 
Aqua-Chem, Inc. 
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the tubes, and the steam would condense within the tubes and flow o u t  of the ends. 
Figure 4-2 shows an HTE configuration for the heat exchanger process. 

The major advantage of the HTE i s  that the heat transfer coefficient i s  significantly 
improved over a smooth tube VTE design even while u s i n g  smooth tubes i n  the horizon- 
t a l  u n i t .  The primary gain i s  due t o  the improved condensing side coefficient. This 
occurs because of a reduced overall film thickness as the condensate t h a t  i s  formed 
collects along the bottom of the tube, leaving a thin film over the rest of the tube 
surface. 

Most of the published information on HTEs was developed under OSW research and devel- 
opment programs. 
peratures in the range of 38' t o  1 2 7 O C  (100' t o  26OOF). Although d a t a  indicate t h a t  
very h i g h  heat transfer coefficients may be attainable, there i s  some question as t o  
how t o  apply these results t o  commercial applications. The HTE performance i s  very 
sensitive t o  such factors as tube spacing and bundle design. 
sign a n d  tes t  d a t a  on these parameters are n o t  available. 

The work was done for typical desalination applications with tem- 

However, definitive de- 

To estimate a heat transfer coefficient for the spray-film HTE a t  conditions of in- 
terest  for geothermal steam, a method of approximation was used similar t o  t h a t  f o r  
the doubly fluted tube case. 
petted values o f  U for a n  HTE w i t h  9O:lO copper/nickel tubes 76-mm (3-in) OD, 0.48-mm 
(0,019-in) wall thickness a t  177OC (35OOF) is 9078 W / ( m 2 . 0 C )  [1600 B t ~ / ( h . f t ~ - ~ F ) ] .  
Adjusting this heat transfer coefficient t o  account for the wall resistance differ- 
ences for 304 SS tubes [51-mm (2-in) OD, 1.24-mm (0.049-in) wall thickness], a new 
U value for 304 SS a t  177OC ( 3 5 C O F )  i s  calculated t o  be 6241 W / ( m 2 - O C )  [1100 B t u /  
( h . f t 2 - O F ) ] .  

Experimental data presented by Coury ( 2 )  - show t h a t  ex- 

For  HTE smooth tube units constructed of 304 SS i n  the size range of  interest, fab- 
ricated costs were estimated t o  be $114.64 per sq m ($52 per sq f t ) * .  
tively high cost in comparison t o  the cost for smooth tube VTE units may be due, i n  
p a r t ,  t o  design differences. For instance, the HTE requires greater spacing between 
tubes t o  minimize pressure loss as the vapor i s  disengaged from the tube bundle, and  
also requires more space for spray nozzles o r  distributors. However, a three-fold 
increase i n  cost over VTE u n i  ts  can n o t  be explained. 

This rela- 

*Personal comnuni cations : Resources Conservation Company , Grob Tube Company , and 
Aqua-Chem, Inc. 
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Figure 4-2. Horizontal  Tube Evaporator Conf igura t ion  



COMPARISON OF PREDICTED PERFORMANCE AND COSTS 

The application of the heat exchanger process t o  a 55-MW geothermal power p l a n t  will 
provide the basis for  comparing the a1 ternati ve heat exchanger designs. The process 
will be assumed t o  t r ea t  saturated steam a t  1 7 7 O C  (350OF) and a maximum pressure of 
1034 k P a  (150 psig).  

6 be based on condensing 139 kg/s (1.1 x 10 
steam temperature difference of 5.6OC (10OF). 
signs are 51 mm ( 2  in )  OD with a 1.24-mm (0.049-in) wall thickness. 
construction i s  304 SS. 
tubes, VTE w i t h  doubly fluted tubes and the HTE with smooth tubes. 

The required heat transfer area for the heat exchangers wi 11 
lb/h) of steam a t  a geothermal steam/clean 

Tube dimensions in a l l  exchanger de- 
The material of 

The three designs compared will be the VTE with smooth 

Table 4-2 shows a comparison of calculated heat transfer areas and  costs for the 
above conditions. The heat transfer coefficients therein do  n o t  s t r i c t l y  take into 
account the effects of fouling and noncondensable gases. 
and other da ta  shown i n  the table should be considered as relative information use- 
ful only for the purpose of making comparisons between different heat exchanger de- 
signs. 

Rather, these coefficients 

The comparison of da ta  between VTE units with smooth tubes and those with fluted 
tubes indicates t h a t  there i s  very l i t t l e  difference i n  performance o r  cost within 
the level of accuracy of this estimate. 
fluted tubes was minimized by the high thermal conductivity of 304 SS which resulted 
in large tube wall resistances for  the fluted tube. The same conclusions apply t o  
t i  tanium--another acceptable tube material fo r  this application--since i t s  conduc- 
t iv i ty  i s  a b o u t  the same as that of 304 SS. 

The anticipated improvement in overall U for 

The HTE smooth t u b e  d e s i g n  appears to  be s ign i f icant ly  d i f fe ren t  i n  both performance 

and cos t  when compared t o  VTE units. The required heat transfer area for a n  HTE unit 
i s  a b o u t  two-thirds of t h a t  for the vertical tube exchangers. Costs for  the horizon- 
tal exchanger, on the other hand,  are about double those for  the VTE units. These 
large cost differences are due t o  the h i g h  estimated costs per m2 of heat transfer 
area. 
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Table 4-2 

COMPARISON OF PREDICTED HEAT EXCHANGER PERFORMANCE AND COSTS 

Unit 
VTE 

VTE 

HTE 

Basis 

Heat Total Heat 
Overall Heat Total Heat Exchanger Exchanger 

Transfer Coefficient Surface Area cost costs 

4 (a) $106 'VJ B t u  
Tubes (h.ft2aoF) lo3  m2 ( l o 3  f t 2 L  m 
Smooth 4199 (740) 11 .o (120) 194 (18) 2.2 

Fluted 4426 ( 780 10.5 (110) 226 (21)  2.3 

Smooth 6241 (1100) 8.2 (80)  560 (52)  4.2 

1. Steam condi tions: 139 kg/s (1 .1  x lo6 l b / h )  steam condensed 
177OC (350OF) saturated steam 

2. U f o r  VTE smooth tubes estimated from experimental da t a  for 9O:lO copper/nickel 
tubes (1, 2) corrected f o r  differences between heat transfer tube wall  resistance 
i n  304 SS and 9O:lO copper/nickel. 

Total heat exchanger surface area calculated from A = Q/U/AT 

where Q* = mH ** = 139 kg/s x 2.02 x 10 

3. 

6 w . S  
k g  VaP 

8 = 2.81 x 10 W 

U = overall heat transfer coefficient as defined in table above 

AT = 5.6OC ( 10°F) 

6 * = maH = 1 x 10 lb 871 B t u  
VaP h 16 

= 871 x lo6 B t u / h  

** in = mass flow rate 

A H  = la tent  heat of vaporizat ion 
VaP 
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Section 5 

2.5-MW PILOT PLANT 

This section presents the suggested design for a 2.5-MW pilot  plant. The major parts 
of the section include the objectives of the pi lot  p l a n t  t e s t  program; a brief system 
description of the p i lo t  plant; the pi lot  plant design basis; the plant u t i l i t y  re- 
quirements; equipment l i s t s  and specifications; estimated pi lot  plant costs; and a 
proposed schedule for erection of the pi lot  plant and the p i lo t  plant t e s t  program. 
Data from this  pi lot  p l a n t  will provide the design basis for subsequent commercial- 
scale systems. 

Due t o  the nature of the material presented in th i s  section and i t s  supporting appen- 
dices, much of the d a t a  related t o  design specifications are shown in English units 
only. 

TEST PROGRAM OBJECTIVES 

The objectives of the pi lot  p l a n t  t e s t  program are t o  provide comprehensive design 
d a t a  for: 

0 H2S removal , noncondensables removal and heat transfer under various 
operating conditions 

Design features necessary for best system performance 

Equipment serviceability under unattended operation 

0 

0 

0 Response t o  transient and upset conditions 

0 Operating and capital costs of commercial-scale applications 

SYSTEM DESCRIPTION 

The pilot  p l a n t  a s  depicted i n  
commercial-scale design shown 
units and a vent gas condenser 

Figure 5-1 will be a two-stage system similar t o  the 
n Section 6. 
operated i n  series 

I t  w 11 consist of two heat exchanger 

The first-stage heat exchanger u n i t  includes a shell-and-tube heat exchanger, a con- 
densate transfer t a n k ,  a heat exchanger sump,  and two recirculating condensate pumps. 
Wellhead steam enters the shellside of the heat exchanger. Clean steam i s  discharged 

5- 1 



I I 

Figure  5-1. P&ID, Heat Exchanger H2S Removal Process ,  2.5-MW P i l o t  P l a n t  
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from t h e  sump. 
t o  t h e  second stage. 
i n  Sec t ion  2. 

The vent  stream e x i t s  from t h e  s h e l l s i d e  o f  t h e  exchanger and goes 

The heat exchanger opera t ing  p r i n c i p l e s  a r e  discussed i n  d e t a i l  

The second-stage heat  exchanger u n i t  a l s o  i n c l u d e s  a she1 1-and-tube heat  exchanger, 
a condensate t r a n s f e r  tank, a heat  exchanger sump, and two r e c i r c u l a t i n g  condensate 
pumps. 
changer except f o r  i t s  s i z e .  
t h e  f i r s t  stage, except t h a t  i t  operates w i t h  d i f f e r e n t  vent  r a t e s  and produces a 
"c lean"  steam of s l i g h t l y  lower  pressure and p o s s i b l y  s l i g h t l y  h i g h e r  H2S concentra- 
t i ons . 

The equipment i s  b a s i c a l l y  i d e n t i c a l  t o  t h a t  o f  t h e  f i r s t - s t a g e  heat  ex- 
The second-stage heat  exchanger f u n c t i o n s  l i k e  t h a t  o f  

The vent  gas condenser i s  a shel l -and- tube heat  exchanger which uses c o o l i n g  water  
on t h e  tubes ide .  
changer t o  49OC (120OF) r e s u l t i n g  i n  two e f f l u e n t  streams: a l i q u i d  condensate stream 
and a gas stream which conta ins  most o f  t h e  t o t a l  system incoming noncondensables. 

The condenser coo ls  t h e  vent  stream from t h e  second-stage heat  ex- 

U t i l i t y  requirements f o r  t h e  p i l o t  p l a n t  i n c l u d e  makeup water, c o o l i n g  water, d r a i n s  
f o r  d ischarg ing  blowdown and vent  condenser condensate, pump seal  water, e l e c t r i c i t y ,  
and ins t rument  a i r .  

DESIGN B A S I S  

A process f l o w  diagram f o r  t h e  p i l o t  p l a n t  i s  shown i n  F i g u r e  5-2. 
s i g n  i s  based on t h e  f o l l o w i n g  c r i t e r i a :  

The process de- 

0 

e Environmental c o n d i t i o n s :  

Proposed locat ion--The Geysers Power P l a n t  i n  n o r t h e r n  C a l i f o r n i a  

- - A l t i t u d e  - 983 m (3225 ft) MSL 

--Barometric pressure - 89.6 kPa (26.48 i n ,  Hg - 13.0 p s i a )  

--Maximum outdoor  temperature - 49OC ( 12OoF) 

--Minimum outdoor  temperature - -18OC (OOF) 

--Seismic l o a d i n g  - 0.2 g h o r i z o n t a l ,  0.13 g v e r t i c a l  

- -Specia l  problems - very  c o r r o s i v e  atmosphere, s i g n i f i c a n t  concen- 
t r a t i o n s  o f  H2S combined w i t h  f requent  mo is tu re  p r e c i p i t a t i o n  
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0 Process design basis (based on proposed 55-MW commercial application 
as defined i n  Section 6 ,  w i t h  flow ra tes  scaled down as required by 
r a t i o  of 2.5:55) 

We1 1 head steam 

--Temperature - 175OC (347OF) 

--Pressure - 889 kPa (129 psia)  

--H2S concentration - 250 ppm 

--NH3 concentration - 125 ppm 

--Total noncondensable concentration - 0.5% 

Clean steam from f i r s t - s t a g e  heat exchanger 

--Temperature - 169OC (337OF) 

--Pressure - 779 kPa (113 psia)  

--Quality - dry saturated steam 

--HzS concentration - 12.5 ppm (based on 95% reduction of i n l e t  con- 

--Total noncondensable concentration - 0.01% 

--Full load flow r a t e  - 6.3 kg/s (50,000 lb/h) 

C1 ean steam from second-stage heat exchanger 

--Minimum pressure - 710 kPa (103 psia)  

--Total flow ra te  - 0.14 kg/s (1136 lb/h) 

cent ra t i  on)  

--Total noncondensable concentration - 0.01% 

- -Qua l i ty  - dry sa tu ra t ed  steam 

Vent stream from second-stage heat exchanger 

--H2S concentration - as  required t o  assure a m i n i m u m  t o t a l  system 

Vent stream from vent gas condenser 

--Maximum pressure - 124 kPa (18 psia)  

--Maximum temperature - 49OC (1 2OoF) 

H2S removal of 95% 

--Stream composition - primarily noncondensables w i t h  large concen- 
t ra t ions  of H2S and some water vapor 
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Uti 1 i t y  cool i ng water 

--Temperature - 29OC (85OF) 

--Maximum pressure d r o p  t h r o u g h  vent gas condenser - 83 kPa ( 1 2  psia)  

Heat t ransfer  coeff ic ients  

--First-stage heat exchanger - 2800 W / ( m 2 a 0 C )  [500 Btu/(h.ft2.OF)] 

--Second-stage heat exchanger - 1100 W/(m2m0C)  [200 B t ~ / ( h - f t ~ . ~ F ) ]  

Condensate recircul ating ra tes  

--Maximum - 0.13 l /s / tube ( 2  gpm/tube) 

--Normal - 0.05 l /s / tube (3/4 gpm/tube) 

--Minimum - 0.03 l /s / tube (1/2 gpm/tube) 

Heat exchanger AT'S 

--5.6OC (1OOF) a t  f u l l  load 

Heat exchanger blowdown ra tes  

--Maximum of 1% of clean steam flow ra tes  

Vent stream from f i  rs t -s tage heat exchangers 

--Total flow r a t e  - 5% of well steam flow r a t e  

The major instrumentation and control elements f o r  the p i l o t  plant are  presented i n  
the p i p i n g  and instrumentation drawing shown i n  Figure 5-1. The plant has been i n -  
strumented t o  provide f u l l y  automatic operation and control ,  and t o  demonstrate a l l  
the test  objectives s ta ted  e a r l i e r .  A data col lect ion system i s  a l so  provided and 
includes a data logger and s t r i p  chart  recorders t o  f a c i l i t a t e  data col lect ion and 
analysis.  The major control concepts f o r  the process heat exchangers are  discussed 
i n  Section 2. The basic control requirements f o r  the vent gas condenser consis t  o f  
sump level control ,  pressure control on the e f f luent  gas vent l i n e ,  and temperature 
control on the cooling water l i n e .  

UTILITY REQUIREMENTS 

U t i l i t y  requirements f o r  the 2.5-MW p i l o t  plant a re  summarized as follows: 

0 

0 

0 

Makeup water - 0.07 l / s  (1.1 gprn) 

Cooling water - 3.8 l / s  (60 gpm) 

Seal water - 0.25 1/s ( 4  gpm) 

5-6 



0 Power - 40 kW, 480 V ,  60 Hz 
3 

0 Ins t rument  a i r  - 0.013 m / s  (27 scfm) 

EQUIPMENT LISTS AND SPECIFICATIONS 

Equipment requirements f o r  t h e  p i l o t  p l a n t  a r e  presented i n  t h e  appendices shown i n  
Table 5-1. 
o f  c o n s t r u c t i o n  a r e  g iven i n  these appendices. 

Equipment des ign c o n d i t i o n s ,  a p p l i c a b l e  standards and codes, and m a t e r i a l s  

ESTIMATED PILOT PLANT COSTS 

Table 5-2 conta ins  a summary o f  t h e  c o s t  est imates f o r  t h e  2.5-MW p i l o t  p l a n t .  
Equipment est imates a r e  based on September 1980 c o s t  i n f o r m a t i o n  s u p p l i e d  by vendors 

and f a b r i c a t o r s .  
based on i n s t a l l a t i o n  o f  s i m i l a r  p i l o t  p l a n t  systems r e q u i r i n g  a h i g h  degree o f  i n -  
s t rumentat ion.  

Costs f o r  eng ineer ing  and c o n s t r u c t i o n  a r e  p r e l i m i n a r y  est imates 

Table 5-1 

APPENDIX IDENTIFICATION FOR 2.5-MW PILOT PLANT 
EQUIPMENT LISTS AND SPECIFICATIONS 

Equipment I tem 

Major  equ i pmen t 1 i s t  
F i r s t -  and second-stage heat exchanger s p e c i f i c a t i o n s  
Vent gas condenser s p e c i f i c a t i o n s  
F i r s t - s t a g e  r e c i r c u l a t i n g  condensate pump s p e c i f i c a t i o n  
Second-stage r e c i r c u l a t i n g  condensate pump s p e c i f i c a t i o n  
F i  r s t - s t a g e  condensate t r a n s f e r  tank s p e c i f i c a t i o n  
Second-stage condensate t r a n s f e r  tank  s p e c i f i c a t i o n  
Cont ro l  v a l v e  l i s t  
Manual v a l v e  l i s t  
L i n e  l i s t  
General p i  p i n g  system s p e c i f i c a t i o n  
Ins t rument  1 i s t  
A d d i t i o n a l  components l i s t  
I n t e r f a c e  l i s t  

Appendix 
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Table 5-2 

SUMMARY OF 2.5-MW PILOT PLANT COSTS 

I tem 

Firs t -s tage heat exchanger 
Second-stage heat exchanger 
Vent gas condenser 
Firs t -s tage condensate t ransfer  tank 
Second-stage condensate t ransfer  tank 
Firs t -s tage reci  rcul a t ing condensate pumps 
Second-stage rec i rcu la t ing  condensate pumps 
Motor control center 
Manual valves 
Control bu i 1 d i  ng 
Instrumentation and control (including valves) 
Data col lect ion system 
Sampling condensers 
Other equipment and materials 
Estimated freight cost  

Equipment subtotal  
Engineering 
Construction 

Total* 

*Rounded t o  nearest  $100,000 

SCHEDULE -- ERECTION OF PILOT PLANT AND TEST PROGRAM 

cost  

$ 130,000 
18,800 
30,000 
2,800 
1,200 
4 , 800 

800 
15,000 

156,000 
10,200 

153,000 

150,000 
17,400 
19,500 
43,200 

$ 752,700 
600 , 000 
550,000 

$1,900,000 

A schedule f o r  des ign ,  procurement, construction, and s ta r tup  of the p i l o t  plant and 
the p i l o t  plant  tes t  program i s  shown i n  Figure 5-3. I t  i s  estimated t h a t  the plant 
will  take 14 months t o  e rec t .  
16 months. 

Subsequent testing i s  expected t o  require 12 t o  
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Section 6 

APPLICATIONS A N D  COMMERCIAL-SCALE COST ESTIMATES 

This section discusses applications o f  the heat exchanger process, w i t h  respect 
t o  b o t h  vapor dominated and hydrothermal applications.  H conceptual design 

of a to ta l  H2S abatement system i s  presented as a cost  model f o r  determining e s t i -  
mated equipment and operating costs of commercial-scale applications,  based on a 
55-MW geothermal power plant.  T h i s  section a l so  reviews the potential  gains and 
losses i n  steam use efficiency, due t o  the heat exchanger process, and system de- 
sign variations and options affect ing the system costs .  

The information presented i n  this section provides a basis f o r  comparing this process 
w i t h  o ther  H2S abatement options. In completing an accurate evaluation w i t h  respect 
t o  other options, both quant i ta t ive and qua l i ta t ive  considerations must be included, 
such as capi ta l  and operating costs ,  system complexity, e f fec ts  on power plant  r e l i -  
a b i l i t y ,  effectiveness of H,S removal and other potential advantages such as 
s tacki ng appl i ca t i  ons . L 

APPLICATIONS 

Much of the discussion throughout this report ,  including th i s  section, i s  based 
on applications o f  the  heat exchanger process a t  The Geysers, b o t h  as  an H2S 

removal system upstream of a power plant t u r b i n e  and t o  provide H2S removal and s i -  
lencing capabi l i t i es  while stacking wells d i rec t ly  t o  atmosphere. Figure 6-1 is  an 
example of a to ta l  H2S abatement system tha t  would be very appropriate a t  The 
Geysers, and other locations as discussed l a t e r  below. 
tem is the basis f o r  the comwrcial-scale cost  estimates presented l a t e r  i n  this 
sect ion.  

This total  H2S abatement sys- 

The following i s  a br ief  description of the system shown i n  Figure 6-1. 

This system consists of a two-stage heat exchanger process f o r  removing 
H2S and other  noncondensables and a Stretford plant  f o r  disposal of the 
removed H2S. 

Geothermal steam enters  the f i r s t - s t a g e  heat exchanger u n i t  and is  sepa- 
rated i n t o  clean steam and a small vent gas stream. 
sen t  t o  the turbine and the vent gas goes t o  the second s tage.  Blowdown 
from and makeup t o  the f i r s t - s t a g e  sump are controlled t o  l imi t  the build- 
up of various chemical species i n  the tubeside condensate. 

The clean steam i s  
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Figure 6-1. Process Flow Diagram, Commercial-Scale Heat Exchanger Process H2S Abatement System 



In  a manner similar t o  t h a t  of the f i r s t  stage, the stream entering the 
second stage i s  also separated i n t o  clean steam and a vent stream. Clean 
steam from the second stage i s  used t o  supply the after-turbine condenser 
vacuum system and the Stretford process. 
heat exchanger goes t o  the vent condenser. The second-stage sump also has 
provisions fo r  blowdown and  makeup. 

The vent condenser cools the second-stage vent gas down t o  temperatures 
required for  discharge t o  a Stretford unit, normally around 4 9 O C  ( 1 2 O O F ) .  
The condensate formed in the condenser i s  injected i n t o  disposal wells or 
discarded by some other means. 

Vent gas from the second-stage 

The Geysers i s  a vapor dominated geothermal resource; t h a t  i s ,  dry steam i s  produced 
from the geothermal wells and can be provided directly t o  the power p l a n t  turbines. 
Many of the geothermal locations i n  the world are liquid dominated (hydrothermal) 
resources. A t  these locations, steam can be produced t o  drive power p l a n t  turbines 
by partially flashing the geothermal brine, e i ther  i n  the producing well or in sur- 
face flash tanks. 
located on the steam supply t o  the turbine, downstream of the liquid-vapor separator, 
t o  remve H2S and other noncondensables before they enter the turbine. 
the case of the The Geysers, the system could be used t o  allow stacking of the 

I n  hydrothermal applications, the heat exchanger process would be 

Also, as in 

ods of brief p l a n t  flashed steam t o  keep the hydrothermal wells flowing d u r i n g  per 
shutdowns . 

Most of the proposed hydrothermal power plant applications have operating pressures 
and  temperatures similar t o  the steam conditions a t  The Geysers (see Appendix A ) .  
On this basis, the design and operation of the heat exchanger process would be very 
similar a t  b o t h  hydrothermal locations and vapor dominated fields such as The 
Geysers , with the understanding t h a t  the design considerations a t  each location must 
take into account differences in noncondensabl e gas concentrations . Accordi ngly , 
the commercial-sca 
propriate f o r  bo th  
exception might be 
by the process may 
tively large quant  

e cost estimates presented i n  this section should be equally ap- 
hydrothermal and vapor dominated resource applications. A major 
t h a t  a t  a hydrothermal location the disposal of the H2S removed 
possibly be accomplished by mixing the vent stream w i t h  the rela- 
t i es  of unflashed brine t h a t  i s  typically disposed of by reinjec- 

t i o n  i n t o  the ground. 
might be simpler and have lower costs than the system shown in Figure 6-1 and used 
as the cost model in this section, since the ultimate H2S disposal system, such as 
a Stretford plant, may no t  be needed. 

Thus, a hydrothermal application of the heat exchanger process 
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ESTIMATED COSTS FOR COMMERCIAL-SCALE (55-MW) SYSTEM 

The system design and associated cost estimates are based on the following design 
cri teri a: 

0 Steam. Steam flow i s  139 kg/s (1.1 million l b / h ) .  The steam con- 
tains 220 ppm of HzS gas and a noncondensable gas content of 5000 
ppm. The heat exchanger process removes a net of 95% of the H2S from 
the steam in the two-stage heat exchanger configuration. 
line steam i s  supplied a t  1 7 7 O C  (35OOF) and 931 kPa (135 psi) abso- 
lute, saturated. 
heat exchanger has a dew-point temperature of 1 7 2 O C  (341OF) and a to-  
tal  pressure of 910 kPa (132 psi) absolute. The saturation tempera- 
ture of the second-stage vent stream, a t  889 kPa (129 psi) absolute, 
i s  1 6 7 O C  (333OF). 

The t r u n k -  

The concentrated steam feed t o  the second-stage 

0 Stream Factor. 
h/yr for a stream factor of 91%. 

The generating plant i s  assumed t o  be on-line 8000 

0 Heat Exchangers. The first-stage heat exchangers convert 95% of the 
in l e t  steam t o  clean steam, using a 5% vent rate. The second-stage 
heat exchanger condenses about 50% of the remaining steam in the vent 
stream from the first-stage heat exchanger, for an overall 98% level 
of  condensation o f  main i n l e t  steam f l o w .  T h e  second-stage v e n t  is 
cooled t o  4 9 O C  (120OF) in the vent condenser and sent t o  the Stretford 
unit. 

0 Sulfur Production. Based on the steam conditions given above, the 
Stretford u n i t  will produce 2.5 t / d  of sulfur. 

A l i s t  of the major equipment for the heat exchanger process i s  given in Table 6-1. 

The capital cost f o r  the heat exchanger process equipment i s  estimated a t  $5.6 mil- 
lion. 
a total abatement system cost of $8.2 million. A summary of the capital cost es t i -  
mate i s  given i n  Table 6-2. 

Based on vendor quotes, a 2.5 t / d  Stretford unit cost i s  $2.6 million, giving 

A1 1 costs are based on 1979 dollars. 

Annual operating and maintenance costs were estimated a t  2% of capital costs for the 
heat exchanger process and 10% of capital costs for the Stretford unit. 
ford factor of 10% i s  based on vendor information and the heat exchanger factor of 
2% i s  based on the fact  t h a t  the recirculating pump i s  the only moving p a r t  in the 
system and t h a t  l i t t l e  personnel attention t o  the process should be required. Total 
direct annual operating costs were $425,000 or 1.0 mill/kWh. 
charges of 18.5%, the total operating and capital costs are $1,945,000 or 4.5 mills/ 
kWh. The overall process summary costs are presented i n  Table 6-2. 

The Stret- 

W i t h  annualized capital 
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Table 6-1 

LIST OF MAJOR EQUIPMENT, HEAT EXCHANGER H2S 

REMOVAL PROCESS, FOR A 55-MW GEOTHERMAL FACILITY 

HEAT EXCHANGER 

- F i  r s  t - s  tage heat  exchangers 

Number o f  heat  exchangers -- 3 
Capacity -- 33-1/3%/heat exchanger: 

Tube sur face  area -- 4812 sq m (51,800 sq f t ) / h e a t  exchanger 

Tube bundle h e i g h t  -- 11 m (37  f t )  
Tube bundle diameter -- 3 m ( 1 1  f t )  

Design -- r a d i a l  f l o w  v e r t i c a l  tube evaporator  
M a t e r i a l  -- 304 SS f o r  tubes, s h e l l ,  and p i p i n g  

100% load  = 55 MW - 139 kg/s (1.1 x l o 6  
1 b/h) 

- Second-s tage heat  exchanger 
Number o f  hea t  exchangers -- 1 

Capacity -- 100% load  = 3.5 kg/s (2 .8 x 10 
2 2 Tube sur face  area -- 338 m (3638 ft ) 

Tube bundle h e i g h t  -- 5.9 m (19.5 f t )  
Tube bundle diameter -- 1 m ( 4  f t )  

Design -- r a d i a l  f l o w  v e r t i c a l  tube evaporator  
Ma te r ia l  -- 304 SS f o r  tubes, s h e l l ,  and p i p i n g  

4 l b / h )  

- Vent condenser 
Number o f  heat  exchangers --  1 

Capacity -- 100% load  = 3.4 kg/s (2.7 x 10 
Tube sur face  area -- 344 m (3700 f t  ) 

4 l b / h )  
2 2 

t )  Tube bundle l eng th  -- 5.9 m (19.5 
Tube bundle diameter -- 1 m ( 4  f t )  

Design -- h o r i z o n t a l  

Ma te r ia l  -- 304 SS f o r  tubes, she1 , and p i p i n g  
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Table 6-1 (con ti nued) 

PUMPS 

- F i  rs t-s  tage ci rculat i  on pumps 

Number of pumps -- 4 
Configuration -- one battery of four 33-1/3% load pumps common t o  a l l  three 

f i r s t - s t a g e  heat exchangers; three pumps normally operating w i t h  one standby; 
each pump capable of meeting requirements of one heat exchanger 

changer tube) 
Flow capacity -- 255 l / s  (4050 gpm)/pump (based on 0.09 l / s  (1.5 gpm)/heat ex- 

Pump head -- 16 m (52 f t )  
Pump power -- 48 kW (64 hp)/pump 
Materials -- SS and other  corrosion-resistant materials 
Type -- e l e c t r i  c-dri ven hori zontal centr i  fuga1 

- Second-s tage ci rcul a t i  on pumps 
Number o f  pumps -- 2 

Configuration -- two 100% load pumps serving the s ingle  second-stage heat ex- 

F low capacity--33.8 1/s (535.5 gpm)/pump (based on 0 .1  1/s  (1.5 gpm)/heat ex- 

Pump head -- 10 m (32 f t )  
Pump power -- 3.9 kW (5.2 hp)/pump 
Materials -- SS and o ther  corrosion-resistant materials 
Type -- electr ic-dr iven horizontal centrifugal 

changer; one pump normally operating w i t h  one standby 

changer tube) 
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OVERALL H2S ABATEMENT 

Bases : 

139 kg/s (1.1 x lo6 lb /h )  
55-MW genera t ing  capaci t y  
220 ppm H2S i n  steam feed 
8000 h /yr  s t ream time 
HTC = 3404 W / ( m 2 . 0 C )  [600 

Table 6-2 

SYSTEM COST SUMMARY IN 1979 DOLLARS 

steam feed 

w i t h  95% removal 

B t ~ / ( h . f t ~ - ~ F ) ]  -- f i r s t  s t a g e  
Annualized c a p i t a l  charges  -- 18.5% of t o t a l  p l a n t  c o s t  
Annual O&M c o s t  r a t i o s :  

H S removal -- 2% of removal process  p l a n t  c o s t  
H2S d isposa l  -- 10% of d isposa l  process  p l a n t  c o s t  

2 

Capi ta l  Investment:  

Heat exchangers 
Pumps 
Pip ing ,  va lves ,  c o n t r o l s ,  i n s u l a t i o n  

Major equipment c o s t  
Construct ion @ 20% of major equipment cost 

Subto ta l  
Engineering and fees @ 20% 
Total  c a p i t a l  c o s t  -- h e a t  exchanger process  
S t r e t f o r d  u n i t  
Total  c a p i t a l  c o s t  H2S abatement system 

$2 , 900,000 
100,000 
900,000 

3,900 , 000 
780,000 

$4,680,000 
940,000 

5,620,000 
2,600,000 

$8,220,000 

Annual Cost  of Investment:  $1,520,000 

Annual Operating Costs:  

Power @ 4.5d/kWh $ 53,000 
112,000 

Operat ing and maintenance ( S t r e t f o r d  u n i t )  260,000 
To t a l  $ 425,000 

Operating and maintenance ( h e a t  exchanger p rocess )  

Operat ing c o s t s  ( m i  1 ls/kWh) 1 .o 
Tota l  annual c a p i t a l  and ope ra t ing  c o s t s  
Total  annual c a p i t a l  and ope ra t ing  c o s t s  

$1,945,000 

( m i  11 s/kWh) 4.4 
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ESTIMATED POWER LOSS DUE TO UPSTREAM HEAT EXCHANGER 

The heat exchanger process could result  i n  a s l igh t  loss in power production because 
of the vented steam and the lower pressure of the steam which goes t o  the turbine. 
However, since the process removes a l l  of the noncondensable gases ahead of the tur- 
bine, the demands of the steam j e t  a i r  ejector system are reduced and enough clean 
steam can be obtained from the second-stage heat exchanger t o  drive the ejectors. 
Only the a i r  which enters the condenser from deentrainment from the cooling water 
and from a i r  in leakage must be removed. Since, without an upstream process, some 
of the wellhead steam has t o  be used t o  drive the ejectors,  the potential power 
which can be produced per u n i t  of wellhead steam must take this i n t o  account. 
cally a t  The Geysers, about  5% of the wellhead steam i s  used t o  drive the ejectors. 
Calculations show t h a t  only about 2% of the total steam would be required for the 
ejectors i f  the heat exchanger process i s  used upstream. 

Typi- 

The amount and condition of the steam going t o  the turbine per mass unit of steam 
delivered t o  the heat exchanger process depend on the vent rate and  AT of the f i r s t -  
stage exchanger. As the vent rate increases, the amount o f  steam a v a i l a b l e  t o  the 

turbine decreases. As the AT increases, the temperature and  pressure of the clean 
steam decreases so t h a t  less power can be derived per u n i t  of steam. 

I n  order t o  compare the power production between a generating unit which uses the 
heat exchanger process and one t h a t  does not ,  i t  i s  necessary t o  do a thermodynamic 
analysis of the two cases. 
retical  power production per u n i t  of steam entering the turbine and i s  based on: 

1. Steam entering turbine i s  saturated w i t h  enthalpy, H i ,  and entropy, 

Steam leaving turbine i s  p a r t  vapor with enthalpy, H,,, and entropy, 
So,,, and p a r t  liquid w i t h  enthalpy, Hog, and cntroicy, SOL. 

Maximum theoretical power is  for  an isentropic process, AS = 0 .  

The following derivation was used t o  calculate the theo- 

s i .  

2. 

3.  

4 .  Power production = A H  x flow t o  turbine 

Let L = weight fraction liquid exiting turbine 

V = weight fraction vapor exiting turbine 

Ho = enthalpy of total  f luid exiting turbine 

so = entropy of t o t a l  f luid exiting turbine 

L + V =  1 .0  
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H = LHoa + V Hov (6-2)  
0 

s 0 = LSoa + sov (6 -3 )  

:. LSoa + (1 - L )  sov = si 

'ov - 'i 
sov - 

L =  

(6 -5 )  

The procedure i s  t o  c a l c u l a t e  L f r o m  e n t r o p y  da ta  and t h e n  c a l c u l a t e  o v e r a l l  o u t l e t  
en tha lpy .  The d i f f e r e n c e  i n  en tha lpy  between i n l e t  and o u t l e t  i s  t h e  maximum power 

p r o d u c t i o n  p e r  u n i t  o f  steam. F o r  example, u s i n g  t h e  f l o w  c o n d i t i o n s  shown i n  F i g -  

u r e  5-2 i n  S e c t i o n  5, and assuming: 
o f  t h e  e n t e r i n g  steam would be used t o  supp ly  t h e  steam j e t  a i r  e j e c t o r s ;  and ( 2 )  

t h e  t u r b i  ne e x i t  temperature i s  49OC (12OoF), t h e  f o l l o w i n g  condi  ti ons p r e v a i  1 . 
s i m p l i c i t y  i n  u s i n g  s tandard  steam t a b l e s ,  a l l  c a l c u l a t i o n s  a r e  g i v e n  i n  E n g l i s h  

u n i t s .  

(1) t h a t  w i t h o u t  t h e  h e a t  exchanger process, 5% 

F o r  

Values a r e  f o r  a p i l o t  p l a n t  o f  2.5 MW(e) e q u i v a l e n t .  

W i  t hou  t Wi th  
Heat Exchanger Heat Exchanger 

O v e r a l l  steam f l o w ,  l b / h  52,600 52,600 

Steam f l o w  t o  t u r b i n e ,  l b / h  

Steam f l o w  t o  gas e j e c t o r s ,  l b / h  
I n l e t  temperature,  O F  

I n l e t  pressure,  p s i a  

I n l e t  en tha lpy ,  Hi, B t u / l b  

I n l e t  en t ropy ,  Si, B t u / l b - O F  
E x i t  l i q u i d  en tha lpy ,  B t u / l b  

E x i t  vapor en tha lpy ,  B t u / l  b 

E x i t  1 i q u i d  en t ropy ,  B t u / l  be0F 

E x i t  vapor en t ropy ,  B t u / l b * O F  
Exchanger A T ,  O F  

49,970 

2,630 
347** 

129 

1191.7 

1.5815 
87.92 

1113.7 
0.1645 

1.9339 
none 

50,000 

1,140* 
337 

113 

1189.4 

1.5924 
87.92 

1113.7 

0.1645 

1.9339 
13 

*Note: The steam t o  d r i v e  e j e c t o r s  i s  c l e a n  steam produced i n  t h e  second 

**F igure 6-2 below i s  based on 350 F, r a t h e r  than  347 F, i n l e t  temperature.  
s tage  f rom t h e  2,600 l b / h  Xent s t ream o u t  o f  hhe f i r s t  s tage.  
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W i t h o u t  heat exchanger: 

1.9339 - 1.5815 
1.9339 - 0.1645 L =  

H o  = (0.1992) (87.92 

= 909.4 Btu/lb 

= 0.1992 

-I- (1.0 - 0.1992 

A H  = 1191.7 - 909.4 = 282.3 Btu/lb 

Total power = (49,970) (282.3)/3413 = 4133 kW 

Wi th  heat exchanger: 

1.9339 - 1.5924 = 0.1930 
1.9339 - 0.1645 L =  

(1113.7) 

(6-8) 

(6-9) 

(6-10) 

(6-11) 

Ho = (0.1930) (87.92) -I- (1.0 - 0.1930) (1113.7) 

= 915.7 Btu/lb (6-12) 

A H  = 1189.4 - 915.7 = 273.7 Btu/lb (6-  13) 

Total power = (50,000) (273.7)/3413 = 4009 kW (6- 14) 

Power with heat exchanger - 4009 kW = 97.0% 
Power w i t h o u t  heat exchanger - 4133 kW (6-  15) 

Similar calculations were done for other A T ' S  and other vent rates. The results are 
presented in Figure 6-2 which shows the relative power produced by the steam from 
the heat exchanger process versus using 1 7 7 O C  (35OOF) saturated wellhead steam di- 
rectly. The figure i s  based on 95% of the wellhead steam go ing  t o  the turbine and 
5% going t o  the ejectors for the case w i t h o u t  the heat exchanger process. If ejector 
requirements are different, then a different s e t  of curves would apply. 
fication, the figure also assumes no pressure losses before the steam enters the tur- 
bine. 
throttling valve 
the amount of power which can be produced. 
ies from plant to plant and, i n  some cases, they are quite large. 
sure losses must be taken i n t o  account in the design of an abatement system for a 

For simpli- 

I n  actual operations, other pressure losses upstream of the turbine, from the 
for instance, change the thermodynamic properties of the steam and 

The nature of these pressure losses var- 
These actual pres- 
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1.04- 

1.02- 

1 .oo - 

0.98- 

0.96 - 

0.94- 

Basis : 1 7 7 O C  (35OOF) saturated steam 
Without heat exchanger process : 
--5% of we1 lhead steam goes t o  

--No pressure loss upstream o f  

vacuum sys tem 

turbine 

- 
L 

1 .  2 3 4 5 6 7 8 9 10 11 12 13 14 
0 I I I I I I I I I I I 

0 1 2 3 4 5 6 7 

AT 

OF 

OC 

Figure 6-2. 
Function of AT and Vent Rate 

Comparison o f  Power Production Using Heat Exchanger Process as a 
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spec i f ic  plant .  
t o  the heat exchanger process, as  shown i n  Figure 6-2, may also be reduced. 

When these losses a r e  considered, the reduction i n  power o u t p u t  due 

The select ion o f  the vent r a t e  required i s  generally dependent on the steam composi- 
t i o n  and the degree o f  H2S removal required. Wellhead steam w i t h  a h i g h  H2S:NH3 ra- 
t i o  can be cleaned w i t h  a lower vent r a t e .  As can be seen from Figure 6-2 ,  the vent 
r a t e  has a large e f f e c t  on r e l a t i v e  power production; a rigorous economic analysis 
must take the  composition o f  the  steam i n t o  account. 
quirements, which could be expected a t  h i g h  H2S contents, will lead t o  higher vent 
ra tes  and greater penalty for loss  o f  power generated. 

In general, higher removal re- 

To summarize, the e f f e c t  of  the heat exchanger process on power production depends 
on the combined resul ts  of the design factors  discussed above which will vary w i t h  
each s p e c i f i c  application. In a s i tua t ion  where noncondensable gases lead to  a use 
of 5% of the steam t o  drive the a i r  e jectors ,  the addition of the heat exchanger 
process could r e s u l t  i n  no net power loss a t  a l l  and, i n  some special cases (low 
A T ' S  and low vent ra tes ] ,  a net power increase might be conceivable. 

DESIGN FACTORS AFFECTING CAPITAL EQUIPMENT COSTS 

The amount of heat t ransfer  area required has a substantial  e f f e c t  on equipment 
costs ,  affect ing bo th  the s i z e  of the heat exchanger required and the s izes  of pumps, 
p i p i n g ,  and other  auxi l iary par ts  of the system. The required heat  t ransfer  area,  A ,  
i s  governed by the following relationship: 

_4 
A = AT-HTC (6-16) 

where A = beat t ransfer  area 

Q = heat t ransfer  r a t e  

AT = temperature d r i v i n g  force 

HTC = heat  t ransfer  coeff ic ient  (ca l led  U i n  previous sections) 

Since the heat  t ransfer  ra te ,  Q ,  i s  fixed by wellhead steam conditions and turbine 
steam requirements, the heat t ransfer  area i s  chief ly  a function of the AT and HTC. 
Varying the AT affects  both the heat t ransfer  area and power production. For exarn- 
ple,  reducing AT increases the heat exchanger area r e q u i r e d  b u t  a l so  increases power 
production. As a r e s u l t ,  A T  must be optimized by balancing capi ta l  cost  against  pow- 
er  production. Figure 6-3 shows the effect of changing AT on capital  costs f o r  a 
55-MW system. The base case used i n  Figure 6-3 is the cost  estimate developed i n  the 
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12 

11 

Basis :  $5.6 M f o r  55-MW heat  exchanger process w i t h  AT = 
5.6OC ( l O O F ) ,  HTC = 3404 W/ (mZ.oC) [6000 Btu/ 
(h.ftZ.OF)], H2S = 220 ppm 

C a p i t a l  cos ts  vary w i t h  0.6 power o f  r e q u i r e d  h e a t  
t r a n s f e r  area 

S t r e t f o r d  p l a n t  c o s t  cons tan t  a t  $2.6 M 

\ 

2 OF 
I 

0 2 3 4 5 6 OC 

F i g u r e  6-3. 
Temperature D i f f e r e n c e  (AT) and Heat T r a n s f e r  C o e f f i c i e n t  (HTC) i n  F i r s t - S t a g e  
Heat Exchanger 

Comparison o f  Heat Exchanger Process C a p i t a l  Costs as a Func t ion  o f  
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init ial  cost estimate subsection. A 0.6 power law dependence based on surface area 
i s  adopted based on normal process industry scale-up cost estimating techniques. 

Changes in the heat transfer coefficient also affect the heat transfer area. The 
cost estimate developed was based on a HTC of 3404 W/(m2-oC) [600 B t ~ / ( h . f t ~ . ~ F ) ] .  
This i s  considered a conservative estimate (Section 3,  page 3-17). Problems w i t h  

leakage in the tes t  u n i t  heat exchanger likely have caused calculated values o f  the 
heat transfer coefficient t o  be low. 
horizontal tube spray film exchanger (see Section 4)  could provide higher heat 
transfer coefficients. For this reason, Figure 6-3 includes capital cost compari- 
sons for design heat transfer values of 3404 and also for expected values of 5674 
W/(rn2moC) [600 and 1000 Btu/(h.ft2-OF)]. 

Different designs such as fluted tubes or a 

I t  should be noted t h a t  Figures 6-2 and 6-3 should not be used for design purposes 
since they represent estimates for specific conditions. They do,  however, indicate 
the nature of some of the design options which must be considered i n  optimizing the 
heat exchanger process equ ipmen t  costs for a g i v e n  set  of condi t ions .  

cost of power, load factor, equipment design l i f e ,  and interest rate, a trade-off 
could be made t o  run the heat exchanger a t  whatever AT gives the lowest combination 
of capi tal and operating costs. 

Knowing the 

H2S DISPOSAL ALTERNATIVES 

The commercial cost estimates presented above are based on a Stretford unit being 
used for ultimate disposal of the removed H2S. Under proper geologic conditions, 
however, one alternative t o  this approach i s  t o  reinject the high pressure H2S-rich 
vent gas i n t o  an outlying geologic formation which has l i t t l e  o r  no interaction with 
the producing field. If this were done, the substantial capital and  operating costs 
associated w i t h  the Stretford u n i t  could be avoided. 
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Appendix A 
TEMPERATURE AN0 STEAM COMPOSITION OF SELECTED HYDROTHERMAC AREAS 

T e v e  ra t u r e  
Downhole/Fl ash 

Steam Composition (ppm) 

Locat ion ( "C)  co2 H2S NH3 - "2 - N2 - CH4 

I .  D r  Steam F i e l d  ti-hGGx 
Geysers Geothermal 
F i e l d  1771177 3260 

11. Hydrothermal F i e l d s  
S a l  i f o r n i  a-- 1 r i  a1 

3241-- 3000 
Brawley KGRA 2541 - - 
Heber KGRA 1741-- 
East  Mesa KGRA 163/--  1920 

52 5 4 - 2 0 0  222 1 0 0 / 1 9 4  56 

2 . 5  35 

1 .0  5 . 1  

Hawai i-Puna Area 
HGP-A 3581188 750- 1000 700 - 900 

10 

30 

5-10 100-200 

Nevada--Eureka County 

New Mexico 

Beowawe Geysers 2291-- 98 v o l  %(a)  1 v o l  ,(a) 1 v o l  %(a) 
(IO- 15) (6-9)  

Baca Ranch KGRA 2911169 30,000 250 1-6 1-4 40-100 1-6 
(10,000-40.000) (150-550) 

Utah- - Bea ve r County 
F o r t  Cove- Su 1 ph urda 1 e 166/- - 
Roosevelt Hot Springs 2661-- 

10-50(b) 

Mexico 
Cerro P r i e t o  Geother- 
mal F i e l d  -- 1176 8,500-45.000 1500-3000 80- 100 

Note: Blanks i n  the t a b l e  I n d i c a t e  tha t  values a r e  unknown o r  were n o t  repor ted.  

'% f i gu res  r e f e r  t o  noncondensable f rac t i on .  

bThis va lue was recorded du r ing  d r i l l i n g  and may n o t  rep resen t  long-term o p e r a t i n g  cond i t i ons .  

Nunhers i n  parentheses are i n  ppm. 





W 
I 
A 

Data 
S e t  
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
2 1  
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 

Date 

3/ 7/79 
3/14/79 
3/15/79 
3/16/79 
3/ 19/79 
3/20/79 
3/20/79 
3/2 1/79 
3/22/79 
5/16/79 

5/17/79 

-__ 

5/18/79 

5/21/79 
5/22/79 
5/23/79 

5/24/79 

5/25/79 

5/29/79 

5/30/79 

5/31/79 

6/ 1/79 
6/ 5/79 

6/ 6/79 

Heat  Transfer  
 AT^ 

"C ( O F )  

2.7 (4.9) 

3.8 i 6 . 8 j  
4.0 (7.2j 

4.3 7.7) 
4.0 (7.2) 

4.2 17.5, 
3.3 i5 .9 \  
3.2 (5 .7 j  
2.9 (5.2) 
3.5 6.3) 
3.2 15.8) 
3.5 (6.3' 
3.5 (6.3 

3.7 (6.7) 
3.7 (6.6) 
3.7 (6.7) 

I 3.2 (5.7 

4.6 (8.3j 
5.5 9.9) 
3.5 

16.31 3.8 6.8 
4.8 (8.7) 
3.1 (5.6) 
3.4 (6.1 
3.4 (6.11 
4.8 (8.6) 

3.8 (6.8) 
3.7 (6.7) 
4.2 (7 .5 j  

6.9 (12.41 
3.6 (6.5 

6.6 (11.9) 
4.1 (7.3) 
5.0 (9.0) 
4.6 (8.2) 
3.0 (5.4j 
3.1 (5.6) 
3.1 (5.5) 

A D D e n d i x  B 
TEST U N I T  PERFORMANCE DATA 

Heat T r a n s f e r  Coef. - Uc 
W/ ( m2. " C )  [Btu/ (he  ft2. OF)] 

4250 

3975 
42 40 
3750 
3500 
3450 
2970 
2965 
4410 
4250 
40 15 
3395 
36 10 
3690 
36 85 
3305 
3750 
4135 
3755 
3250 
4225 
3690 
3015 
3810 
3140 
3240 
5460 
3050 
3500 
2835 
3430 
3400 
3040 
3135 
2570 
2955 
3770 
2595 
3065 
3325 
3400 
3280 

(748) 

747) 

-- 
700) 

660) 
6 16) 
607) 
523) 
522) 
777) 
749) 
707) 
598) 

649 
5821 
660 
728{ 

744) 

671) 

571 5531 
962) 
537) 

604) 

520) 
664) 

540) 
586) 

578) 

45 7) 

599) 

H2S Conc. 
Reductiond 

% 

94.7 
93.6 

92.6 (99.5)h 
98.1 

95.9 (99.2)h 
97.6 

_ _  
95.5 _ _  

Remarks 

I n s u l a t i o n  incomplete through 
March 1979 

Continuous operat ion began on 
3/ 19/79 

S t a r t  Basel ine  t e s t i n g  w/com- 
p l e t e d  i n s u l a t i o n  on 5/16/79 

Base1 i 2 t e s t  

B a s e l i n e  t e s t  
aSee footnotes on page A-4 



TEST U N I T  PERFORMANCE DATA (continued) 

W 
I 
N 

Data 
Set 
No. 

44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 

-- Oa t e  

61 7/79 

61  8/79 

6/26/79 
612 71 79 
6/28/79 

6/29/79 

71 5/79 

71 6/79 
71 9/79 

7110179 

71 11/79 

7/12/79 

7/13/79 

71 16/79 

7/17/79 

71 19/79 

7120179 

7/24/79 

7/26/79 

Heat Transfer 
 AT^ 

"C ( O F )  

3.7 (6.6) 
3.6 (6.5) 

3.6 (6.4) 
3.2 (5.7) 

3.7 (6.7j  
3.1 (5.6) 

10.8 (19.5) 
3.0 ' (5.4j  
3.5 16.3) 
5.1 ( 5 . 6 j  
2.9 (5.2) 
3.3 (5.9) 
3.2 (5 .7 j  
3.2 (5.8) 5.4 ( i . 2 j  
3.1 (5.5) 
3.2 (5.8) 
3.4 (6.1) 
3.2 i5.7i 
3.2 i5.7j  
3.1 (5.6) 
4.1 (7.4) 
3.7 (6.6) 
3.1 (5.5) 
3.7 (6.6) 
5.1 (5.6j  
3.9 (7.0) 
3.9 (7.0) 
3.9 (7.1) 
3.5 16.3) 
3.4 i6.4j  
3.2 (5.7) 
3.2 (5.8) 
3.1 (5.5) 
3.1 i5.5i 
3.6 i6 .5 j  
3.0 (5.4) 
3.1 (5.6) 
3.3 (6.oj  
4.3 (7.8) 
3.1 (5.5j  

3.5 (6.3 
3.4 (6.2) 

Vent Rateb 

I 
Heat Transfer Coef. - Uc 
W/ (d - C) r B t ~ /  (h . f t2 * OF)] 

3440 
3490 
3290 
3275 
3640 
3520 
3405 
3345 
2 720 
3440 
3475 
3060 
3170 
2880 
32 10 
3195 
3600 
3315 
32 80 
3080 
3415 
2685 
2915 
3445 
2600 
3005 
3565 
3465 
3288 
3445 
3180 
3070 
2885 
3045 
2940 
2630 
3165 
3395 
3110 
3335 
2215 
1890 
3855 
3425 
3375 

H2S Conc. 
Reductiond 

x Remarks 

92.5 Baseline t e s t  



TEST UNIT PERFORMANCE DATA (continued) 

Heat Transfer 
AT' Data 

Set 
No. 

89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

100 
10 1 
102 
103 
104 

- 

105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 

117 
118 
119 
120 
12 1 
122 
123 
124 
125 
126 
127 

Vent Rate 

% 
Heat Transfer Coef.  - Uc 
W/(m2- "C) [8tu/( h. ft2. 'FU O C  (OF) Oa te 

7/26/79 
7/27/79 

7130179 

8/ 6/79 
8/ 7/79 

8/ 8/79 

81 9/79 

1012 31 79 

111 9/79 
11/13/79 

3 (9) 3430 
3 ( 9 )  2 340 
2 ( a )  2430 

3.4 (6 .1)  
3.6 6.5) 
3.5 16.3) 
3.8 (6.8) 
3.4 (6.1) 
3.3 (6.0) 

2300 
3795 

8 ( S i  -- 
3 ( 9 )  2985 

32 30 
3475 

3 ( 9 )  
<1 fa )  

3.2 5.8j  
3.2 15.7 
3.6 (6.51 <i iijj 3040 

3 140 
3015 

3 ( 9 )  -- 3.4 -6 .1)  
3.3 IS.0) .. _. 

2940 
3040 
3100 

2 (9) 
2 ( 9 )  
2 fa )  

3.9 (7.0 
3.4 i6.2) 

m 
I 
W M e c h a n i c a l  P r o b l e m s  

5 ( a )  3810 -- -- 
93.0 
94.7 
94.8 
92.0 
92.6 -- 

4.7 (8.5) 
5.2 (9.3) 
3.3 (5.9) 

3.4 (6.2 

3680 
3675 

1 ( 9 )  4060 
3 fa)  3225 

5 iii 
4 ( 9 )  

1/14/79 

1/ 18/79 

1/ 19/79 

2 id 3000 

-- 3600 

2 ( 9 )  3505 
-- -- 

C l e a n i n g  

5 ( 9 )  4475 
3 ( 9 )  3635 

_ _  2860 
-- 2985 

3365 
3355 

7 ( f )  
7 ffl  

-- 
3.3 ' ( L O ~  
5.4 (9.7) 

C h e m i c a l  

3.4 (6.1 
3.6 (6.51 
4.8 (8.7) 
4.4 (8.0) 
3.4 (6.2)  
3.4 (6.1) 

3.2 (5.8) 

5.9 (10.6) ( i )  

3.3 (5.9) 

5.5 (9.9) (i) -- -- 

121 19/79 
12/20/79 
12/21/79 

12/27/79 
12/28/79 

94.2 
95.7 -- 
_-  

95.5 
95.9 
96.1 

95.2 
97.1 

-- 

-- 

7 ( f j  3360 
3425 
3540 1/ 8/80 

1/ 9/80 

Baseline t e s t  
High vent r a t e  t e s t  

Base1 ine t e s t  



TEST UNIT PERFORMANCE DATA (continued) 

m 
I 
P 

Heat Transfer H2S Conc. 
Oata  AT^ Vent Rate Heat Transfer Coef. - Uc Reductiond 
Set 
No. Oa te 'C ( O F )  % W/(t$*"C) [Btu/(h-ft2-"F)] % Remarks - -  
128 
129 
130 

131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
150 ( j )  
151 ( j )  
152 
153 

5.9 (10.5) (i) 4 ( f )  3395 (598) -- 
96.8 -- 3520 (620) 

11 9/80 

1/10/80 5.2 (9.4) ( i )  4 ( f )  3700 (652) 
5.6 (10.0) (i) 17 ( f )  

T r a n s i e n t  T e s t  

1/ 18/80 6.1 
5.9 

1/21/ao 5.7 
6.1 

10.8 
12.1 

1/22/80 5.4 
5.4 
5.4 
5 .3  

2590 
2690 

10.9) 
10.6) _. . . , 

5 i r j  3250 
3180 
3135 (552) 
2895 ( 510) 
2665 (469) 

17 ( f )  
11 ( f )  

21.8) 3 ( f )  

;:: !3 
19.5) 

19.71 

IEI 1/2 3/80 6.3 ( i i . 4 j  5 i f )  2835 
2755 2 I:{ 2755 ( 485 

6.2 (11.2) 
6 . 1  110.91 

1/24/80 512 (9.4) 6 ( f j  2760 (486) 
\ - - - - ,  

2745 (483) 
2610 (460) 

5.1 9.2) 6 ( f )  
5.2 19.3) 6 ( f )  

1/25/80 5.7 ( i0 .2 j  5 ( f j  2730 (481) 
5.5 19.9) 5 I f)  2795 (4921 
516 (ioioj 5 ( f j  2725 (480) 

26.9 (48.5) 12 ( f )  
27.4 (49.4) 11 ( f )  

5.3 (9.5) 20 (e) 
4.9 (8.9) 20 (e) 

1130 (199) 

3270 576) 
3520 (620) 

1135 1200) 

92.4 -- 

-- 
94 .O 
99.0 -- 
-- 

Base1 i ne t e s t  
High vent ra te  t e s t  

Baseline t e s t  

H2S i n jec t i on  t e s t  
H2S i n jec t i on  t e s t  

Baseline tes t  
Baseline t e s t  

High f low ra te  t e s t  
High flow ra te  t e s t  
H2S i n jec t i on  tes t  
H2S i n jec t i on  t e s t  
H2S i n jec t i on  t e s t  

Baseline t e s t  
Baseline t e s t  

NH, i n jec t i on  t e s t  
NH, i n jec t i on  t e s t  

H2S and N t l B  i n j ec t i on  t e s t  
H2S and NH3 i n jec t i on  t e s t  
H2S and NH, i n jec t i on  tes t  

Last run date 
Baseline tes t  
Baseline t e s t  
High AP t e s t  
High AP t e s t  

High vent t e s t  
High vent t e s t  

bVent ra te  i s  shown as percent o f  i n l e t  steam mass f l o w  rate. 

'Calculated heat t rans fer  coe f f i c i en t  across tube surface area 
sured condensate f l o w  ra te  from shel ls ide t o  tubeside. 

i n l e t  steam H2S mass concentration 

eEstimate. 

fBased on rotameter reading. 
gBased on measuring condensed vent stream. 
hH2S concentration reduction based on measuring H2S 

concentration i n  condensate t rans fer  stream instead 
o f  clean steam. 

aMeasured temperature di f ference between she l l -  and tubeside o f  heat exchanger. 

based on measured shellside/tubeside temperature differences and mea- 

iBased on temperature measurements from PG&E i ns ta l l ed  instrumentation 

'The high A P  t e s t  data were not included i n  the overa l l  s t a t i s t i c a l  
f o r  t ransient tests;  a l l  other values based on RTO's. 

evaluation of the performance data because o f  unexplained water mass 
balance problems tha t  occurred during these tests. 



Appendix C 

DATA COLLECTION AND REDUCTION 

H2S MEASUREMENT 

Lower-Level Concentrations 

A AgN03 t i t ra t ion  method was used t o  measure the H2S concentrations in the lower- 
level streams including the i n l e t  steam, clean steam, condensate transfer,  reci rcula- 
ting condensate, and blowdown streams. 
by PG&E a t  The Geysers. I n  this procedure, a steam or condensate sample i s  taken 
through a condenser/cooler a t  atmospheric pressure and collected in a bott le con- 
taining a solution of NH40H which captures essentially a l l  of the H2S present in 
b o t h  the liquid and noncondensable gas portions of the sample. The collected sample 
i s  then t i t ra ted  with a AgN03 solution until a specific conductivity change i s  noted 
using a conductivity meter with a sulfide electrode. 
i s  an  indication of the H2S concentration i n  the sample. 

This i s  a standard analysis procedure used 

The amount of AgN03 required 

Higher-Level Concentrations 

A different procedure was required to measure the relatively higher H2S concentra- 
tions in the vent stream. I n  this procedure (which i s  also a standard PG&E procedure 
a t  The Geysers), the sample i s  condensed i n  the condenser/cooler; however, only the 
resulting liquid stream i s  analyzed using the AgN03 t i t ra t ion  method described above. 
The noncondensable gas portion of the condensed sample (which contains most of the 
H2S i n  the t o t a l  sample stream) i s  analyzed using the Tutwiler method in which the 
collected gas sample i s  mixed with a starch solution. 
the starch solution until a color change i s  noted. The amount of iodine required 
indicates the concentration of H2S i n  the gas por t ion  of the collected sample. 
results of the AgN03 and Tutwiler analyses are then combined t o  get the total H2S 

concentration in the vent stream. 

Iodine i s  then t i t ra ted  into 

The 

Determining the H2S Removal Value 

The H2S removal value, which i s  more accurately described as the percent reduction 
in H2S concentration, was determined by the following equation: 

c- 1 



where R = percent reduction i n  H2S concentration 
2s 

= clean steam H2S concentration H2SC.S. 

= i n l e t  steam H2S concentration H2SI.S. 

Uncertainties i n  flow measurements, chemical sampling and chemical analysis 1 imited 
the accuracy of the su l fur  mass balance. 
of the total  su l fur  balance was 23 percent of the to ta l  su l fur  mass flow. (See 
Appendix F.) 

established a t  values above 90 percent by the 38 measurements of H2S concentration 
in the o u t l e t  steam compared t o  the H2S concentration i n  the i n l e t  steam. 
measurements, presented i n  Table D-2, were not affected by e i t h e r  the flow ra te  
measurement d i f f i c u l t i e s  or the  problems of chemical sampl ing and analysis .  These 
l a t t e r  problems affected only the measurement of the h i g h  H2S concentration in the 
vent stream. This stream has a major e f f e c t  on the mass balance, because most of 
the su l fur  flows out the vent, b u t  H2S concentration i n  the vent stream does n o t  
enter  i n t o  the su l fur  removal calculation. 

The standard deviation of 5 measurements 

Nevertheless, the H2S removal eff ic iency,  defined i n  C - 1 ,  was well- 

These 

N H 3  MEASUREMENT 

An ion electrode technique was used to  perform f i e l d  analyses f o r  N H 3  concentrations. 
The special  electrode i n  this procedure develops an e l e c t r i c a l  potential  which i s  
proportional t o  the concentration of N H 3  present i n  the l iquid sample being analyzed. 
T h i s  potential  is measured w i t h  a voltmeter. 
formed us ing  the Kjeldahl procedure. Both of these techniques a re  standard analysis 
procedures f o r  PG&E a t  The Geysers. 

Laboratory analyses f o r  NH3 were per- 

C02 AND TOTAL NONCONDENSABLES 

The concentrations of C02 and to ta l  noncondensabl es were determined using procedures 
t h a t  a r e  standard f o r  PG&E a t  The Geysers. 
a l iquid/gas separator and the volumetric r a t i o  between the collected l iquid and non- 
condensable gases was noted. The Orsat Analysis procedure was then used t o  determine 
the mass ra t ios  of various species (C02 and H2S combined, 02, CH4, H 2 ,  and N 2 )  i n  the 

First, a cooled sample was collected i n  
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gas portion of the collected sample. 
sample was selectively bubbled through various 1 iquids which absorbed specific spe- 
cies.  
particular species being absorbed by that  liquid. The information obtained from the 
liquid/gas ra t io  measurement and  the Orsat analysis, when combined with the separate 
H2S analyses obtained from previously discussed procedures , was used t o  calculate the 
mass concentrations of C02 and total noncondensables present in the gas por t ion  of 
the col lected sample. 

With the Orsat procedure, the collected gas 

The increase in volume of each absorber liquid indicated the amount of the 

HEAT TRANSFER COEFFICIENT CALCULATIONS 

The resulting heat transfer coefficient (U )  values were determined using the follow- 
i ng  equati ons: 

. - TC.S. A T  = T I S S  

where U = heat transfer coefficient 

Q = heat transfer rate from the shellside t o  the tubeside of the heat 

A = heat transfer surface area of the heat exchanger, 12.9 m 

exchange r 
2 2 (138.5 f t  ) 

= measured Condensate Transfer flow rate  (which represents the con- MC'T- densing rate inside the shellside of the heat exchanger) 

H = l a ten t  heat of condensation of the In le t  Steam 
f g  

= measured tenperature of the In le t  Steam TI  .s. 
= measured temperature of the Clean Steam 
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Appendix D 

H2S REMOVAL ERROR ANALYSIS 

COMPARISON OF EFFECTS ON MEASURED H2S REMOVAL VALUES 

Table D - 1  presents  a comparison o f  the e f f e c t s  on the  measured H2S removal values 

due t o  v a r i a t i o n s  i n  process parameters and e r r o r s  assoc ia ted  w i t h  the  chemist ry  

a n a l y s i s  techniques used i n  measuring the H2S concent ra t ions  . 

Table D-1 

COMPARISON OF EFFECTS ON MEASURED H2S REMOVAL VALUES 

Process Parameter P r e d i c t e d  V a r i a t i o n  
Process Pa raine t e r  Range o r  o f  Measured H2S 
o r  Ana lys is  E r r o r  E r r o r  Assumptions Removal Values Ref e r e  nce 

Vent r a t e  2-10% o f  i n l e t  f l o w  'L k3 t o  4% Figures 2-2 and 
r a t e  2- 3 

I n l e t  H2S concen- 150-350 ppm 'L a.5 t o  1% Figures 2-2 and 
t r a  ti on 2-3 

I n l e t  NH3 concen- 50-100% o f  i n l e t  'L ?1 t o  2% Figures 2-2 and 
t r a t i  on H2S c o n c e n t r a t i o n  2- 3 

Chemistry ana lys i s  dX = +O.O5X 
e r r o r  dY = +5 ppm 

?J 21 to 4% Discussion i n  
Appendix D and 
Table D-2 

EVALUATION OF THE EFFECTS OF CHEMISTRY ANALYSIS ERRORS ON MEASURED H2S REMOVAL VALUES 

The r e d u c t i o n  o f  H2S c o n c e n t r a t i o n  i n  the c lean steam l e a v i n g  the t e s t  u n i t  h e a t  ex- 
changer and i t s  expected range o f  e r r o r  can be d e f i n e d  by the f o l l o w i n g  equat ions:  

- (X 2 tX)  - ( r  2 dY) 
X ? dX 
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where R = H,S concentration reduction (100 x R = % reduction) 
L 

X = i n l e t  steam H2S 

Y = clean steam H2S 

dX, dY = accuracy errors 

dR = resulting error 

concentration 

concentration 

of chemistry analysis techniques 

of measured H2S concentration reduction 

The analysis techniques used t o  determine the in l e t  steam and clean steam H2S con- 
centrations are described in Appendix C.  The error  values used in this analysis are: 

These values are based on communications w i t h  PG&E personnel who are fami 1 i a r  with 
these techniques a t  The Geysers (1_) and also on the standard deviation of the Y val- 
ues shown in Table D-2. 
t0.05X and less confidently t h a t  dY 2, +0.20Y; this lack of confidence in the dY val- 
ue i s  based on the limited f i e ld  experience i n  analyzing lower concentrations of H2S 
with this technique. The standard deviation for the Y values (aY) shown in Table D-2 
i s  5 ppm. Based on the lack of confidence in the dY value suggested by the PG&E 
personnel, dY was assumed t o  be equal t o  O Y  which i s  t 5  ppm. 

The PG&E personnel suggested very confidently t h a t  dX ?I 

Table D-2 shows the measured in l e t  steam and clean steam H2S concentrations for sev- 
eral da ta  sets  and the resulting H2S reduction values and predicted error ranges 
based on E q .  D-1  and D-2, and the assumed error values of dX = 0.05X and dY = 5 ppm. 
The mean values and standard deviations f o r  X ,  Y ,  and R are also shown a t  the bottom 
o f  Table D-2. 

REFERENCES 

1. Telephone communication w i t h  Gary Sharp of PG&E on 7/31/80. 
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Table D-2 
H2S CONCENTRATION REDUCTION ERRORS DUE TO CHEMISTRY ANALYSIS TECHNIQUES 

X Y R dR 
H2S h25 

H2S 

Run No. Date (PMI) 0 (3 (Y) 

I n l e t  Steam Clean Steam 
Concentrat ion Concentrat ion 

Reduction Reduction E r r o r  Concentrat ion 
H2S 

Concentration 

1 3/ 7/79 261.8 12.6 
4 3/16/79 267.0 15.5 
5 3/19/79 265.1 17.8 
6 3120179 264.5 20.8 
7 3/20/79 258.8 5.2 

95.2 
94.2 
93.3 
92.1 
98.0 

95.7 

f 1.9 
f 1.9 
f 1.9 
f 1.9 
f 1.9 

f 1.9 
f 1.9 
f 1.3 
f 1.8 
f 2.0 

f 1.8 
f 1.9 
? 2.0 
? 3.0 
f 3.3 

8 
12 9 

26 

3/21/79 
3/22/79 
5/17/79 
5/25/79 
5/29/79 

5/30/79 
6/ 5/79 
61 7/79 
61 8/79 
6/26/79 

6/27/79 

265.6 
260.1 
375.0 
273.8 

11.5 
6.5 

11.1 
11.5 

97.5 
97.0 
95.8 

29 

32 
38 
44 
46 
49 

50 
51 
54 
57 
60 

63 
67 
70 
72 
75 

84 
90 

260.4 

271.5 

21.9 

15.3 
12.0 
19.5 
10.5 

91.6 

94.5 
267.0 
260.0 
170.0 

95.5 
92.5 
93.8 

151.2 

156.9 
245.0 
213.4 
247.5 
240.2 

227.5 
267.0 
254.6 
254.9 
243.0 

13.9 

7.3 

90.8 

95.3 f 3.2 
f 2.1 
f 2.4 
f 2.0 
t 2.1 

6/28/79 
6/29/79 
7 1  5/79 
7/ 9/79 

15.6 
16.9 
15.2 
14.3 

15.9 
18.6 
15.8 
13.8 
22.8 

28.8 
22.0 
22.0 
16.4 
11.2 

93.6 
92.1 
93.9 
94.0 

93.0 
93.0 
93.8 
94.6 
90.6 

87.3 
90.9 
91.3 
93.0 
94.4 

7/10/79 
7/12/79 
7/13/79 
7/16/79 
711 7/79 

f 2.2 
f 1.9 
? 2.0 
f 2.0 * 2.1 

7/24/79 
7/27/79 

227.1 
243.0 
253.1 
233.3 
200.6 

187.8 
134.0 
214.0 
219.0 
198.6 

f 2.3 
f 2.1 
f 2.0 
f 2.2 
f 2.5 

100 
107 
108 

111 
117 
118 
121 
122 

a/ 6/19 
11/ 9/79 
11/13/79 

11/14/79 
12/19/19 
12/20/79 
12/27/19 
12/28/79 

i4 .a  
8.0 
9.2 
9.9 
8.1 

92.1 
94.0 
95.7 
95.5 
95.9 

f 2.7 
f 3.7 
f 2.3 
f 2.3 
f 2.5 

123 12/28/79 205.0 7.9 96.1 f 2.4 
125 1/ 8/80 272.0 13.0 95.2 f 1.9 
149 1/25/80 309.5 18.2 94.1 f 1.6 

x = 240.1 ppm O X  = 18.6% = 44.7 ppm 

? = 14.5 ppm OY = 35.9% = 5.2 ppm 
R = 93.9% 
- 

crR = 2.2% (of  93.9%) = 2.1% (of  in let  H2S 
concentration) 
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Appendix E 

TRANSIENT TEST DESCRIPTIONS AND DATA 

TRANSIENT TEST NO. 1: STARTUP RAMP 

Objecti ve--To observe the response charac te r i s t ics  of the heat exchanger t e s t  
u n i t  d u r i n g  a power plant  s t a r t u p  based on a maximum load increase r a t e  of 5%/min 
( 0  t o  100% load i n  20 m i  n )  . 
Pretest Condi t ions--Stabil ized steady-state operation a t  the following conditions: 

I n l e t  temperature - 175.9OC (348.6OF) 
Clean steam temperature - 170.7OC (339.3OF) 
AT - 5.2OC (9.3OF) 
Clean steam flow - 0.101 kg/s  (800 lb/h) 
Vent r a t e  - 0.0057 kg/s (45 lb/h) 
I n l e t  steam - 0.133 kg/s (1058 lb/h) 

Procedure--Closed clean steam valve, waited u n t i l  system s t a b i l i z e d ,  then opened 
clean steam valve i n  small increments as shown i n  Table E-1 .  

&--See Table E - 1 .  

Observations--Heat exchanger responded smoothly, s t a b i l i z i n g  essent ia l ly  instan- 
taneously a t  each load increase increment. 

TRANSIENT TEST NO. 2:  CLEAN STEAM VALVE SUDDEN CLOSE 

Objective--To observe the t rans ien t  response of the heat exchanger tes t  u n i t  
d u r i n g  a simulated turbine-trip s i tuat ion.  

Pretest Conditions--Stabi l ized,  s teady-state  operation a t  the following conditions: 

I n l e t  temperature - 175.9OC (348.6OF) 
Clean steam temperature - 170.3OC (338.6OF) 
AT - 5.6OC ( 10°F) 
Clean steam flow - 0.113 kg/s (900 lb/h) 
Vent r a t e  - 0.0057 kg/s (45 lb/h) 
I n l e t  steam - 0.136 kg/s (1082 lb/h) 
Line pressure - 827 kPa (120 psig) 
Pump flow - 9.59 1/s (152 gpm) 

E-1 



Table E-1 
TRANSIENT TEST No. 1: STARTUP RAMP 

Clean Inlet 
Elapsed Tine  T in T out AT AP - - P sunp Steam Flow - Steam Flow 
5 (min) 'C (OF) OC (OF) & ( p s i )  Irp_a_ hid QlL %Load & fibm 

-.____ __-__ -- 

0 
120 
300 

360 
4 20 
480 

540 
WO 
660 

7 20 
780 
840 

900 
960 
1020 

-- [!I 176.1 
(5) -- 

(6) -- 
( 7 )  -- 
(8)  -- 

_-  
175.0 -- 

0.01 
0.03 
0.03 

0.04 
0.04 
6.05 

(9) -- 
(10) -- 
(11) -- 

m 
I 

Tu 

0.06 
0.06 
0.07 

(12) 175.9 
(13) -- 
(14) -- 

(348.7) _- 
-- 

(348.7) 
(348.7) 
(348.6) 

172.3 -- 
-- 
171.6 
171.1 
170.9 

(342.2) -- -- 
(340.8) 

(339.6) 
(340.0) 

3.6 -- -- 
4.3 
4.8 
5.0 

(6.5) -- -- -- -- -_ 
(7.9) 2.5 
(8.7) -- 
(9.0) -- 

0.08 
0.08 
0.09 

0.09 
0.10 
0.11 

175.9 [til 175.9 
(17) 175.9 

(17.0) -- 

1080 (18) -- _ _  -- -- -- -- -- -- -- -- 0.11 (900) 100 0.136 (1082) 
1140 (19) 175.9 (348.6) 170.6 (339.0) 5.3 ( 9 . 6 )  -- _ _  _ _  -- 0.11 (900) 100 -- -_ 
1320 (22) 175.9 (348.6) 170.3 (338.6) 5.6 (10.0) .2.9 ( 9 U . O )  15.4 (106) 0.11 (900) 100 -- -- 

Constant parameters: Pump flow = 9.59 l/s (152 gpm) 
Vent rate 
Line pressure = 17.4 kPa (120 pslg) 

= 0.0057 kg/s (45 lb/hf 



Procedure--Closed clean-steam valve very rapidly a t  s t a r t  of t e s t .  

Data-- 
Elapsed Time Sump Pressure 

(seconds) kPa (psi g )  

0 731 ( 106 1 
60 786 (114) 
120 8 14 (118) 
180 82 7 ( 120) (1  i ne pressure) 

Observations--There were no sudden changes i n  any of the t e s t  unit parameters. 
sump (tubeside) pressure increased smoothly up to l ine pressure in about  180 sec- 
onds. 

The 

TRANSIENT TEST NO. 3: CLEAN-STEAM VALVE SUDDEN OPEN 

Objectives--To observe the transient response of the heat exchanger t e s t  unit 
d u r i n g  an abnormal condition simulating a r ap id  increase in steam supply t o  the 
turbine. 

Pretest Condi tions--This t e s t  imnediately followed Test No. 2 ,  Clean-Steam Valve 
Sudden Close. The actual s t a r t  time of Test No. 3 was 450 s (7.5 min) a f t e r  s ta r t -  
i n g  Test No. 2. The clean-steam valve was fully closed a t  the s t a r t  of Test No. 3. 

Procedure--Opened clean-steam valve rapidly until u n i t  tripped. Restarted unit by 
opening the h l e t  steam a i r  operated valve imnediately a f te r  the trip. 

Data-- 
Elapsed Tine Clean Steam Flow Rate 

(seconds) kg/s Ilb/h) 

0 0-0.095 0- 750 
30 0.095 750 (unit  tripped) 

Restarted unit immediately. 
kg/s (750 lb/h) immediately a f te r  res tar t .  

Observations--False high-level indication caused the u n i t  t o  t r ip .  
restarted immediately without any additional problems and quickly reached stable,  
steady-state operation. Observed a rap id  level r i se  i n  sump level glass jus t  prior 
t o  t r ip .  

U n i t  s tabil ized a t  a clean steam flow rate of 0.095 

The unit was 

TRANSIENT TEST NO. 4: VENT VALVE SUDDEN CLOSE 

Objectives--To observe the transient response of the heat exchanger t e s t  unit 
during a sudden blockage of the vent flow. 

Pretest Conditions--Stabilized, steady-state operation a t  the following conditions: 

Inlet  temperature - 175.8OC (348.5OF) 
Clean steam temperature - 169.3OC (336.7OF) 
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AT - 6.6'C (11.8'F) 
Clean steam flow - 0.11 kg/s (900 
Vent ra te  - 0.0057 kg/s (45 lb/h) 
Inlet  steam flow - 0.145 kg/s (1148 lb/h) 
Line pressure - 827 kPa (120 psig) 
Pump flow - 9.59 l/s (152 gpm) 

Procedure--Suddenly closed vent Val ve a t  s t a r t  of tes t .  

Data-- 
Sump Pressure Clean Steam Flow Elapsed Time 

( seconds ) !&I- (psig) kg / s  ( I b / h )  

0.113 (900) 0 7 17 (104) 
60 7 10 (103) 
120 70 3 ( 102) 0.116 (920) 
180 690 ( 100 1 

-- -- 
-- 

( G O )  240 683 (99) 0.113 
Stopped t e s t  

Observations--There were no sudden changes i n  any of the t e s t  unit parameters. 
sump pressure decreased slowly, indicating a gradual decrease in condensate trans- 
f e r  rate from the shell-  t o  tubeside, indicating an accumulation of noncondsables 
in the shellside of the heat exchanger. The t e s t  was stopped af te r  240 s (4 min). 

The 

TRANSIENT TEST NO. 5: VENT VALVE SUDDEN OPEN 

Objectives--To observe the transient response of the heat exchanger t e s t  unit 
during a sudden increase i n  vent flow rate .  

Pretest Conditions--Stabilized, steady-state operation a t  the following conditions: 

Inlet  temperature - 175.8OC (348.5OF) 
Clean steam temperature - 169.7OC (337.5OF) 
AT - 6.loC (ll.O°F) 
Clean steam flow - 0.113 kg/s  (900 lb/h) 
Vent rate - 0.0057 kg/s (45 lb/h) 
Inlet  steam flow - 0.152 kg/s (1209 lb/h) 
Line pressure - 827 kPa (120 p s i g )  
Pump flow - 9.59 1/s (152 gpm) 

Procedure--Suddenly opened vent rate valve t o  ful l  open position a t  s t a r t  of t e s t .  
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Data -- 

Elapsed 
- Time 
(seconds) 

0 
60 

120 
180 

Elapsed 
Time 

(seconds ) 

0 
60 

120 
180 

In1 e t  Temperature 

OC 0 
175.8 (348.5) 

175.8 (348.4) 
-- -- 
-- -- 

Clean Steam 
Temperature 

OC 0 
169.7 (337.5) -- -- 
170.3 (338.6) -- -- 

Inlet  Flow 
kg/s (lb/h) 

0.156 (1241) 
0.152 (1209) 

-- -- 

Observations--There were no sudden changes i n  any of the t e s t  unit parameters. The 
u n i t  s tarted a smooth transition t o  a new steady-state operating condition. A 
s l igh t  increase i n  sump pressure was noted along w i t h  a decrease i n  AT.  

TRANSIENT TEST NO.  6: INLET STEAM VALVE SUDDEN CLOSE 

Objective--To observe the transient response of the heat exchanger t e s t  u n i t  during 
a simulated interruption of the well steam supply. 

Pretest Conditions--Stabilized, steady-state operation a t  the following conditions: 

Inlet  temperature - 175.9OC (348.6OF) 
Clean steam temperature - 169.9OC (337.9OF) 
AT - 5.9OC (10.7OF) 
Clean steam flow - 0.113 kg/s (900 l b /h )  

Vent rate - 0.0057 kg/s (45  lb/h) 
Inlet  steam flow - 0.141 kg/s (1120 lb/h) 
Line pressure - 827 kPa (120 psig) 
Pump flow - 9.59 1/s (152 gpm) 

Procedure--Closed air-operated in le t  steam valve a t  s t a r t  o f  t e s t .  

E-5 



Data-- 

Elapsed C1 ean 
Time Steam Flow Vent Flow Sump Pressure Shel 1 Pressure 

(seconds) kg/s l lb /h)  kg/s ( l b / h )  (psig) - kPa ( p s i g )  

0 0.113 (900) 0.0057 (45)  724 (105) 827 (120) 
662 (96)  -- -- -- -- -- 648 (94)  -- 

-- 30 
60 
90 

-- -- -- -- -- 0.110 (875) 0.0044 (35)  -- -- -- -- 

Observations--There were no sudden changes i n  any of the t e s t  u n i t  parameters. 
the she1 1- and tubeside started t o  gradually depressurize. 

Both 

TRANSIENT TEST NO. 7: PUMP T R I P  

Objective--To observe the transient response of the heat exchanger t e s t  u n i t  during 
a sudden stoppage o f  condensate recirculation. 

Pretest Conditions--Stabilized, steady-state operation a t  the following conditions: 

Inlet  temperature - 175.9OC (348.7OF) 
Clean steam temperature - 170.2OC (338.4OF) 
AT - 5.7OC (10.3OF) 
Clean steam flow - 0.113 kg/s (900 lb/h) 
Vent ra te  - 0.0057 kg/s (45 lb/h) 
Inlet  steam flow - no measurement due t o  loss of f luid i n  manometer 
Line pressure - 827 kPa (120 psig) 
Pump flow - 9.59 l / s  (152 gpm) 

Procedure--Opened 440 c i rcu i t  breaker a t  s tar t  of  t es t ,  t h u s  stopping pump. 

Data- - 
Elapsed Time Sump Pressure Shel 1 Pressure 

kPa ( w i g )  kPa ( p s i g )  (seconds) - 
0 7 24 (105) 827 (120) 

15 690 (100) 827 (120) 
60 621 (90) 827 (120) 

Closed in l e t  steam valve 

Observation--There were no sudden changes i n  any of the t e s t  u n i t  parameters. 
sump pressure started dropping relatively quickly, b u t  smoothly. 

The 

E-6 



Appendix F 

MASS AND ENERGY BALANCE DIAGRAMS 

This appendix includes mass and energy balance diagrams for  six selected cases from 
the f ie ld  tes t s  described i n  Section 3.  
energy balance closures are shown. Additional information i s  also presented show- 
ing N H 3 ,  C02, and t o t a l  noncondensable concentrations f o r  various streams. 

For each case, t o t a l  mass, H S mass, and 2 
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'vent:  1 

[Temp = 343.ti "F H S = 2,072 PPm, 0.093_1b/hl bondensate Reci rc .  1 
H20 = 45 l b /h  IN63 ' pm, -- Ib/hl 
'Q = 53,595 Btu/h CO2 - M p m .  1.26 l b / h  
I I 68.400 lb /h  I T.N. = 30.433 ppm, 1.37 lb/h! I I I 

_._ . 
1 - 

7 
I 

k S R e G c t i o n -  9 5  3 - - - - - - 
) N H j  Reduction 18 X 
IPredicted H2S Reduction 96 X (see Note 311 
e l e t  NH3:Inlet HzS _ _ _ _ _ - - - - -  -J 

I 

L T j  336.6% - J 

1 f Cond. Transfer: I 
__ - - - -  

A I 

Notes : 
1. H2S closure n e t  system gain o r  loss i s  based 

on the assumption tha t  the sump accumulation 
ra te  f o r  H2S I s  neg l i g ib le  ( t y p i c a l  sampled 
values were i n  the range o f  nondetectable t o  
7.3 ppm over the e n t i  r e  t e s t  program). 
Temperature drop across pump i s  due t o  seal 
quench water. 
Predict ions o f  H2S removal are based on Fig- 
ures 2-2 and 2-3. 
Estimated heat loss t o  atmosphere was based 
on the fol lowlng: 

Insu la ted  surfaces 4100 f t 2  B AT 53O0F 
Unlnsulated su faces 510 f t z  B AT 5280°F 
U %3 Btu/(h.ft$.OF) 

2. 

3. 

4. 

Abbreviations : 
T.N. = t o t a l  noncondensables 
N.D. = no data ' 

U.D. = undetectable 

I Pump Heat l o s s :  (see Note 2) 1 
Btu/h I 9 = 75.740 

;Sump Blowdown: 

1Q 5 34,608 Btu/h CO2 = N.D. pm. -- lb /h l  
T.R. = N.D. Fp.,--_ l b / a  

Vemp = 337.7 OF H2S = 3.8 ppn, .?n Ib/h' 
IH20 = 112 lb /h  NH3 N.D. ppm, -- I b / h  

I 
L -d-- - - - i  - - -  - 

I Total  mass ne t  system & = 155 l b h  -25L-r I 
I 
I 

Loss = 0.051 l b h  35% 1 H ~ S  "e t  system - 
I Net system heat l o s s  191,129 Btu/!) 23 % - - 
L - - - - -  

Figure F-1. Mass and Energy Ralance Sheet f o r  Baseline Test Run 12/28/79 



Vent: I 

H20 42 1b/h Nil3 - 4 ~ p p m .  _ _  l b /$  

T.N. al:"8:9'!: lpn. 4.58 lb/hi  

ITmP = 340.9 "F H s =6.lfinpPm.a7~ l b /h  bondensate Recirc.' 

I 

!Estimated Heat Loss t o  Atmosphere (see Note 4) I 
L - L O O -  Q a  1 7 4  Btu/h _ _ _ _ _ _ _ _ _ _  J 
'Tn le t  Steam: 

:Temp 346.4 "F H2S = 722 ppn. -- lb/hi r cOnd.irYnsfeT: 7 
1H20 N.D. Ib/h NH3 = 171.4 ppm, -_  lb /h l  I 796 lb/h- -: 
1 4.887 ppn. -- lb/h, = I 4. Estimated heat loss t o  atmosphere was based 

I A 
Y 

I I 
150 g P .  ' ' -500 lb/h 

'Q = 49,980 Btu/h C02 '1 P m s  4.21 1b/h 
J 1 I I -  I 

~ -_ 

1 ----- - - - - _ _  _ _  _ _ _  
quench water. 
Predict ions o f  H2S removal are based on Fig- 
ures 2-2 and 2-3. 

on the fo l l oy ing :  

3. 
L v -  - IQ = -- BtU/h CO 4.410 Pw. -- lb /h l  

T.6. 

-rl Insu la ted  surfaces 1100 f t 2  P AT 53O0F 
I 
0 

. - Uninsulated su faces 510 f t 2  @ A T  5280oF 
!Clean Steam: U 13  BtU/(h.fti.OF) 

473.7 Btu/(h.ft2-OF) 

Notes : 
1. H2S closure n e t  system gain o r  loss  i s  based 

on the assumption tha t  the sump accumulation 
ra te  f o r  H2S i s  neg l i g ib le  ( t y p i c a l  sampled 
values were i n  the range o f  nondetectable to  
7.3 ppm over the e n t i r e  t e s t  program). 

2. Temperature drop across punp i s  due t o  seal 

ITi;sReducGn- 92 r - - - 
INH3 Reduction 
IPredicted H2S &!on 97 X 
?let NH3:lnlet HzS 0.24- _ _ - - - -  

-I - --  
I 

(see Note 3)1 

, . - _  

ITemp = 336.z°F H2S = ~ . ~ . p m .  -- l b / d  

IQ = N.D. Btu/h C02 = N.D. ppn. -- Ib /h l  
IH20 = N.D. l b /h  NH3 =N.D. ppm. -- 
I 
L-- l - - - - -  - -  

I 
I 
I 

lbn, --  % I Total  mass ne t  system N.O. = -- 

I N e t  system heat N.D. = --  Btu/l l -_  X 

N.D. = -- l b h  -- x I H2S he t  system - 1 . A .  = N2D.-PFs 

- 4  1- - - - - - 
Figure  F-2. Mass and Energy Balance Sheet f o r  H2S In jec t i on  Run 1/18/80 

Abbrevi at ions : 
T.N. - t o t a l  noncondensables 
N.D. - no data 
U.D. = undetectable 

Pump Heat Loss: (see Note 2) 
9 108.000 Btu/h 

1 
I I 

-- - ------ - - - - - - _  
I - h a z  and Heat Balance Closures: 



I I 

/H2O = T y b / h  N63 = 11 210 pm. 0.504 lb/hl  
= -Btu/h C02 = 83'295 'pm 3 75 l b /h  

I T.N. =&pin:*lb/h! 

Vent: 
Temp = 337.9 F il  S = 18.606ppm. 0.83J Ib/hl  bondensate Recirc.1 '' 6 7 , 5 0 0  l b / h  ' Q 1 I 

150 gPm, 

I -- I I 

I 
P t i e a n  Steam: 

7 
I q2S Reduction 2% 

lNH3 Reduction 35 % 
IPredicted H2S m i o n  97 X (see Note 3)1 
I n l e t  NH3:Inlet H2S 0.22 L _ _ _ _ _ _ _ _ -  -J  

_ _ _ _ _ _ - - -  --- 

AT 9.7 OF Vent 6 

u 477.1 Btu/(h-f t2s0F) 

Notes : 
H2S closure ne t  system gain o r  loss i s  based 
on the assumption tha t  the sump accumulation 
ra te  f o r  H2S i s  neg l i g ib le  ( t y p i c a l  sampled 
values were i n  the range o f  nondetectable t o  
7.3 ppm over the e n t i r e  t e s t  program). 
Temperature drop across punp i s  due to  seal 
quench water. 
Predtctlons o f  H2S remva l  are based on Fig- 
ures 2-2 and 2-3. 
Estimated heat loss t o  atmosphere was based 
on the fo l lowing: 

Insu la ted  surfaces %1M) f t 2  @ AT 53O0F 
Uninsulated su faces 210 f t 2  @ A T  X28O0F 
U 53 B tu/( h .f ti. O F )  

Abbreviations : 
T.N. = t o t a l  noncondensables 
N.D. = no data 
U.D. = undetectable 

I Pump Heat Loss: (see Note 2) 

;sump 8 1 owdown : I 

N.D. ppm, -- Ib /h l  

ITemp = 333.4 OF H2S - N.O. pm. -- l b / h  
IH20 = r l b / h  NH3 = N.O.:pm, --  lb /h  
IQ = 33,744 Btu/h C02 = 

1 

I 
Gain = 0.233 lbA, 37 % I 

I 

1 Total  mass ne t  systemLoSS = 79 lbhl 10 % 

I H ~ S  "et  system - -  
I Net system heat- LOSS =75 * 591 Btu/ll 6 % - - 
L----- 

I I.N: =-N.p.<- 

Figure F-3. Mass and Energy Balance Sheet f o r  H2S In jec t ion  Test Run 1/22/60 



:Estimated Heat Loss t o  Atmosphere (see Note 4) I 

I 

I 
-- X (see Note 311 

L _ _ _ _ _ - - - - -  _1 

IH2S Reduction 93 X 
INH3 Reduction 60 X 
1Predicted H2S aeduction 
I n l e t  NH3:Inlet H2S 

I I  

AT 10.9 OF 

Notes : 
H2S closure ne t  system gain o r  loss i s  based 
on the assumption tha t  the sump accumulation 
ra te  f o r  H2S I s  neg l i g ib le  ( t y p i c a l  sampled 
values were i n  the range o f  nondetectable t o  
7.3 ppm over the e n t i r e  tes t  program). 
Temperature drop across punp i s  due t o  s e a l  
quench water. 
Predict ions o f  H2S remva l  are based on Fig- 
ures 2-2 and 2-3. 
Estimated heat loss t o  atmsDhere was  based 
on the fol lowing: 

Insu la ted  surfaces 1100 f t 2  B AT 23OoF 
Uninsulated su faces 510 ft* B AT %'8OoF 
U %3 Btu/(h.ft{.OF) 

Abb rev i a ti o ns : 
T.N. - t o t a l  noncondensables 
N.D. = no data 
U.D. = undetectable 

I I Pump Heat Loss: (see Note 2) 
0 = 102.600 Btu/h 

1 , -" - - - 
I I 
I Total mass net system G a i n  = 62 1bAI 8 % I 

Gain = 0.006 lbh l  2 % I 
I 

- - - - - - - - - - - - - - 
ass and Heat Balance Closures: 

I tt2s "et  system - 
I Net system heat- Gain = 81,054 ~ t u / l )  9 % 

Figure F-4. Mass and Energy Balance Sheet fo r  Nl i3  I n jec t i on  Test Run 1/23/80 



I 

= 45 ;b/h Mi3 = 1.370P.-lb/h[ 

T.N. '105.392 4.74 lb/hl 

'vent:  1 

!Temp = s . 0  F 11 S = a m p , - l b / h  bondensate Recirc.' 

I 

7 

H20 I 

'Q 23.550 BtU/h CO2 = 94.350 Pn. 4.25 Ib/hl I '  ' I I'Jl9pm. . 67,950 lb /h  I 
I I I . T L 7 7 ,  , O r  . 

.~ 

!Temp = 333.1 F H S = 19.2 pn. O.O1O1b/hl 
lH20 540 yb/h N63 = 155 'pn. 0.0841b/h1 

, Etu/h COz = U.D. 'pn, -- Ib /h l  IQ ' 661520 T.N. - U.O. 'pn, -- lb/hJ 
L _ _ _ _ _  _ A _ _  _ _ P !  - - - -  

-I 
I 6 2 s  Reduction 95 X 

(NH3 Reduction 32 X 
IPredicted H2S -ion 95 X (see Note 311 
e l e t  NH3:Inlet H2S 0.60 _ _ _ _ _ _ _ _ . - -  J 

_ _ _ _ _ _ - - -  --- 

1 fCond. Transfer: I 

I 675 lb /h  ' L - , - - - - J  

_ _ - _  - -  

4 'Clean Steam: 

1 

459.8 Btu/( h - ft2. OF) 

Notes : 
1. 

2. 

3. 

4. 

H2S closure ne t  system gain o r  loss i s  based 
on the assumption tha t  the sump accumulation 
ra te  f o r  H2S i s  neg l i g ib le  ( t y p i c a l  sampled 
values were i n  the range o f  nondetectable t o  
7.3 ppm over the e n t i r e  t e s t  program). 
Temperature drop across pmp i s  due t o  seal 
quench water. 
Predict ions o f  H2S renuval are based on Fig- 

Estimated heat loss t o  atmsphere was based 
on the fol lowing: 

Insu la ted  surfaces W O O  f t 2  @ AT 23OoF 
Uninsulated surfaces 510 f t 2  @ AT 528OOF 
U %3 Btu/(h.ft2.0F) 

ures 2-2 and 2-3. 

Abbrevi at1 ons : 
T.N. = t o t a l  noncondensables 
N.D. = no data 
U.D. = undetectable 

I Pump Heat Loss: (see Note 2)\ 
Q = 135.900 Btu/h I 

W _ _ _ _ _ _ _ _ - _ _ _ - -  ---- 1 I-hass and Heat Balance Closures: 
I I 

I Total  mass ne t  s y s t e m L s  = 243 l b h  26 % 

Gain = 0.018 l b h  5 % I H ~ S  het  system I 
I Net system heat- L O S S  =226,478 Dtdll 21 X -  - - 

I 
I 

I - - - - - -  

Figure F-5. Mass and Energy Balance Sheet f o r  H2S and NW3 In jec t i on  Test Run 1/24/80 



'vent:  I 

H20 = 43 yb/h N63 = 1 '61?)pm.a4~a_lb/hf  I bondensate Recirc.' I T m p  = 337.6 F H S = 5 25 pm, 0.226 lb /h  

I T.N. :&pn:*lb/h! 
'0 = 51,170 Btu/h CO2 95'037'pn 4 09 l b /h  1 'I %,:;' lb /h  I 

I 

I I I 

-n 

'Estimated Heat Loss t o  Atmosphere (see Note 4) I I 

F n l e t  Steam: 

Btu/h &"- 1 7 ~ ~  - - - _ _  - _ _ _ _  J 
1 - ------ -  - - - - - _ _ _  

L _ _ _ _ _  - _ _ - -  J 

i-u 

479.7 Btu/( h. f t2-OF) 

Notes: 
H2S closure ne t  system gain o r  loss i s  based 
on the asswnption tha t  the simp accumulation 
ra te  f o r  H2S I s  neg l i g ib le  ( t y p i c a l  sampled 
values were i n  the range o f  nondetectable t o  
7.3 ppm over the e n t i r e  t e s t  program). 
Temperature drop across pump i s  due to  seal 
quench water. 
Predict ions o f  HzS removal are based on Fig- 
ures 2-2 and 2-3. 
Estimated heat loss t o  atmsphere was based 
on the following: 

Insu la ted  surfaces 1100 f t 2  @ AT 23OoF 
Uninsulated surfaces 510 f t 2  @ A T  %!8OoF 
U %3 Btu/(h.ft2.0F) 

Abbrevl a ti ons : 
T.N. - t o t a l  noncondensables 
N.D. - no data 
U.O. = undetectable 

I Pump Heat Loss: (see Note 2 )  I 

W 
1 - - - - - - - - - - - - - - - - - - 

I Mass and Heat Balance Closures: 
I I 
I Total  mass ne t  system = 80 lbd l  1 0  % I 

I 
I L - - - - -  Loss = r n n t u / l l  4 x -  - - 

LOSS = 0.021 1bAi 8 % _ - - -  1 H ~ S  net  system - 
I Net system heat 

Figure F-6. Mass and Energy Balance Sheet fo r  Baseline Test Run 1/25/80 





Appendix G 

SPECIAL LABORATORY ANALYSIS FOR AMMONIA, BORON,  AND CHLORIDE* 

Sampl e I d e n t i f i c a t i o n  

I n l e t ,  12/20/79, 1400 h 
I n l e t ,  12/21/79, 1040 h 
I n l e t ,  12/27/79, 1400 h 
I n l e t ,  12/28/79, 1000 h 
I n l  e t  , 1/25/80 

Conds. t r a n s . ,  12/20/79, 1400 h 
Conds. t r a n s . ,  12/21/79, 1040 h 
Conds. t rans. ,  12/27/79, 1400 h 
Conds. t r a n s . ,  12/28/79, 1000 h 
Conds. t r a n s .  , 1/25/80 

Vent, 12/20/79, 1400 h 
Vent, 12/21/79, 1040 h 
Vent, 12/27/79, 1400 h 
Vent, 12/28/79, 1000 h 
Vent , 1/25/80 

Clean, 12/20/79, 1400 h 

Clean, 12/27/79, 1400 h 
Clean, 12/28/79, 1000 h 
Clean, 1/25/80 

Blowdown, 12/20/79, 1400 h 
Blowdown, 12/21/79, 1040 h 
Blowdown, 12/27/79, 1400 h 
Blowdown, 12/28/79, 1000 h 
B1 owdown, 1/25/80 

*Performed by PG&E 

Clean, 12/21/79, 1040 h 

Amnonia (NH3) 
mg/ 1 

120 
92 

133 
130 
-- 
-- 
-- 
-- 
-- 
-- 

1680 
1140 

1008 
980 
-- 

71 
55 

64 
55 
-- 
-- 
-- 
-- 
-- 
-- 

G-1 

Boron ( B )  

16 
23 

13 
17 

mg/l 

-- 
120 
4 1  
22 
24 
-- 

2 
1 
2 
5 

-- 

3 
3 

2 
2 

-- 

133 

115 
98 
9 1  
-- 

Chlor ide  ( C l - )  
mg/ 1 

2 
3 

5 
5 
1 

1 
3 

<1 
<1 

4 

29 
54 
1 

34 

5 

38 
20 

17 
3 
7 

43 
1 

2 
6 
1 





Item No. 

HX-001 

HX-002 

HX-003 

P-001A 

P-00 1B 

P-002A 

P-002B 

T-001 

T-002 

Appendix H 

2.5-irlW PILOT PLANT MAJOR EQUIPMENT LIST 

Nomenclature 

1s t -S  tage Heat Exchanger 

2 n  d-S tage He a t  Exchanger 

Vent Gas Condenser 

1st-Stage Recirculating 
Condensate Pump No. 1 

1s t-Stage Reci rcul a t i  ng 
Condensate Pump No. 2 

2nd-Stage Reci rculating 
Condensate Pump No. 1 

2nd-Stage Reci rculati n g  
Condensate Pump No. 2 

1st-Stage Condensate Transfer 
T a n k  (Pressure Vessel) 

2nd- Stage Condensate Transfer 
Tank  (Pressure Vessel ) 

Size / Basis 

7855 f t 2  / tube surface area 

445 f t 2  / tube surface area 

1500 f t 2  / tube surface area 

Pump design 
condi ti ons 2300 gpm 

24 h p  

Pump design 
condi t i  ons 2300 gpm 

24 h p  

22 f t  (TDH 
330 gpm 

2 h P  

330 gpm 
2 hP  

22 f t  (TDH 

Pump design 
condi t i  ons I 
Pump design 
conditions I 

12.8 ft’ / volume 

0.40 f t 3  / volume 

Codes and Standards 

TEMA, ASME Sec. VI11 

TEMA, ASME Sec. VI11 

TEMA, ASME Sec. VI11 

Pump - as specified 
Motor - NEMA 

Pump - as specified 
Motor - NEMA 

Pump - as specified 
Motor - NEMA 

Pump - as specified 
Motor - NEMA 

ASME Sec. VI11 

ASME Sec. VI11 





Appendix I 

2.5-MW PILOT PLANT FIRST- AND SECOND-STAGE HEAT EXCHANGER SPEC1 FICATIONS 

PROCESS EQUIPMENT ITEM NUMBERS HX-001 AND HX-002 

Scope 

Th is  s p e c i f i c a t i o n  inc ludes  t h e  des ign requi rements f o r  one f i r s t - s t a g e  heat  ex- 
changer and one second-stage heat  exchanger. 

General C o n f i g u r a t i o n  

Each heat  exchanger s h a l l  be a r a d i a l  f l o w  v e r t i c a l  tube evaporator  w i t h  a general 
c o n f i g u r a t i o n  as shown i n  F igure  1-1. 

a re  i d e n t i f i e d  as f o l l o w s :  

1. Top f l o o d  box 
2. S h e l l  

3. Sump 
4. Tube bundle assembly 
5. M i s t  e l i m i n a t o r s  
6. Flow d i s t r i b u t o r s  

The pr imary  components o f  each heat  exchanger 

The t o p  f l o o d  box, s h e l l ,  and sump s h a l l  be connected w i t h  f l a n g e  connections. The 
suppor t  s t r u c t u r e  s h a l l  be designed and a t tached t o  t h e  heat  exchangers i n  a manner 
t h a t  a l lows t h e  t o p  f l o o d  box, 
t h e  f i e l d  w i t h o u t  c u t t i n g  o r  reweld ing be ing  requ i red .  The tube bund;e assembly f o r  
each heat  exchanger s h a l l  have a f i x e d  t o p  tubesheet and a f l o a t i n g  bottom tubesheet. 
Each heat exchanger s h a l l  be designed so t h a t  t h e  tube bundle assembly can be removed 
by two op t ions :  
( 2 )  p u l l i n g  i t  h o r i z o n t a l l y  a f t e r  removing t h e  s h e l l  and tube bundle as an assembled 

u n i t .  

s h e l l ,  and sump t o  be separated and reconnected i n  

(1 )  p u l l i n g  i t  v e r t i c a l l y  a f t e r  removing t h e  t o p  f l o o d  box, o r  

Flow d i s t r i b u t o r s  s h a l l  be l o c a t e d  i n  t h e  t o p  o f  each tube and s h a l l  be access ib le  

through t h e  t o p  f l o o d  box cover. 

The m i s t  e l i m i n a t o r s  s h a l l  be l o c a t e d  i n s i d e  t h e  sump and s h a l l  be access ib le  f o r  

maintenance through t h e  sump manway. 

1-1 



She1 1 
( and  t u b e  bund le )  

s U m P  
manway 

Sump 
H i g h e s t  o p e r a t i n g  f l i q u i d  l e v e l  

- a 

F i g u r e  1-1. General C o n f i g u r a t i o n  o f  t h e  First- and Second-Stage Heat Exchangers 

B 

1-2 



The heat  exchanger dimensional requirements , and nozz le  and connect ion requirements 

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

Codes and Standards 

The heat  exchangers s h a l l  be code-stamped i n  accordance w i t h  Sec t ion  V I I I ,  D i v i s i o n  1, 

o f  t h e  ASME B o i l e r  and Pressure Vessel Code ( the Code). The heat exchangers s h a l l  

a l s o  be designed i n  accordance w i t h  t h e  Code so t h a t  f u l l  design temperatures and 

pressures can be experienced by t h e  s h e l l s i d e  o f  t h e  heat exchangers when t h e  f l o o d  
box and sump manway cover  a re  removed. The heat  exchanger designs s h a l l  f o l l o w  t h e  
guide1 i n e s  o f  t h e  Tubular  Exchanger Manufacturers A s s o c i a t i o n  (TEMAJ as much as 
p o s s i b l e  w i t h i n  t h e  c o n s t r a i n t s  o f  t h i s  s p e c i f i c a t i o n .  
s h a l l  f o l l o w  A N S I  standards ( i . e .  , f lange and p i p e  th read dimensions). 

A l l  nozz le  connect ion designs 

Design Pressures and Temperatures 

The heat  exchangers s h a l l  be designed i n  accordance w i t h  t h e  f o l l o w i n g  c o n d i t i o n s :  

0 Design temperature - 37OoF 

0 Design pressure - 150 p s i g  

Tube Bundle Design 

The tube bundles f o r  each heat exchanger s h a l l  be designed based on t h e  genera l  con- 
f i g u r a t i o n  shown i n  F igures 1-1 and 1-2 and t h e  dimensions l i s t e d  i n  Table 1-1. The 
tube bundle s h a l l  be designed f o r  r a d i a l  f low w i t h  an impingement p l a t e  d i r e c t l y  i n  
f r o n t  o f  t h e  s h e l l s i d e  steam i n l e t  nozz le  as shown i n  F igure  1-2. A p e r f o r a t e d  vent  
gas c o l l e c t o r  p i p e  s h a l l  be l o c a t e d  i n  t h e  c e n t e r  o f  t h e  tube bundle. The o v e r a l l  
heat exchanger design shall allow the collected condensate on top of the bottom tube- 

sheet t o  be e i t h e r  d ra ined complete ly  d u r i n g  normal o p e r a t i o n  o r  p e r i o d i c a l l y  as r e -  
q u i r e d  t o  e l i m i n a t e  t h e  accumulation o f  p o t e n t i a l  c o r r o s i v e  m a t e r i a l s .  

S h e l l  Design 

The s h e l l  diameter and l e n g t h  s h a l l  be governed by t h e  tube bundle geometry. The 
s h e l l  s h a l l  be designed so t h a t  t h e  tube bundle can be t o t a l l y  enclosed and f u l l y  
supported by t h e  s h e l l  alone, and so t h a t  t h e  seal  between t h e  t o p  and bottom tube- 
sheets and t h e  s h e l l  i s  n o t  dependent on t h e  s h e l l  be ing connected t o  t h e  sump and 
t o p  f l o o d  box. 
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Top tubesheet 
(fixed) 2 Tubes 
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J 

Impingement 

L I 

Shel 1 s i de 
steam inle  

1 mP 
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Vent gas 

View 
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l P  
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I E 

vent 
- 

/tube bundle 
Si ze-G 

Bottom tubesheet 
(floating) 

gas col 1 ector 
pipe i n  center of 

Shel 1 

Figure 1-2. Tube Bundle Configuration for  First- and Second-Stage Heat Exchangers 
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Dimension 

A 
B 
C 
D 

E 
F 

G 
H 

I 
- 
- 
J 
K 

L 

M 
N 

0 

Table 1-1 

HEAT EXCHANGER DIMENSIONS 
(Refer t o  Figures 1-1 and  1-2) 

Descr i p t  i on First Stage 

36 in 
72 i n  

Top flood box length 
Sump high liquid level 
Minimum vapor space below mis,t eliminators * 
Distance from bottom o f  mist eliminators 
t o  top o f  sump 
Tube bundle (and  she l l )  length 
She1 1 diameter (approximate) 
Perforated vent gas collector pipe s ize  
Tube pitch 

Tube diameter 
Number o f  tubes 
Tube wall thickness 
Impingement pl a t e  height 
Impingement plate extension beyond 
shel ls ide steam in l e t  
Distance between bottom tubesheet 
and bottom of impingement plate  
Impingement plate thickness 
Distance between impingement plate 
and shell 
Sump diameter 

* 

240 in 
60 i n  
6 in 

1 .25  in 
c i rcular  
1.00 in 
1500 

As required 
120 in 

45 degrees 

60 in 

** 
2.0 in 

* 

Second Stage 

18 in 
48 i n  

* 
* 

96 in 
24 in 
4 in 

1.25 i n  
c i rcular  
1.00 in 

21 3 
As required 

48 in 
45 degrees 

24 in 

** 
1 . 0  in  

* 

* 
** Based on in l e t  steam velocity of 150 f t / s  with some entrained par t ic les ,  such 
as sand. 

As required fo r  proper mist eliminator operation. 
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Top Flood Box Design 

The top flood box shal l  be the same diameter as the shel l  f o r  each heat exchanger 
and shal l  be designed w i t h  a removable cover. 

Sump Design 

The sump diameter f o r  each heat exchanger shal l  be la rger  than the shel l  diameter 
as required for  the mist eliminator geometry. 

Mist Eliminators 

Mist eliminators shal l  be of a wire mesh pad type and shal l  be located inside the 
sump o f  each heat exchanger. No par t  of the mist eliminators or t h e i r  associated 
components shal l  be d i rec t ly  under the tube bundle. Design conditions are l i s t e d  
i n  Table 1-2. 

Table 1-2 

MI ST ELIMINATOR SPEC1 FI CAT IONS 

Maximum A P  
M i n i m u m  steam flow r a t e  
Maximum steam flow ra te  
Minimum steam temperature 
Maximum steam temperature 
Steam pressure 
E f f i c i ency 

First Stage 
2.0 i n  H20 
5000 lb/h 
49,000 lb/h 
33OoF 
342OF 
Saturation 
99% 

Second Stage 
2.0 i n  H20 
100 lb/h 
1100 lb/h 
321 O F  

342OF 
Saturation 
99% 

Flow Distributors 

Flow dis t r ibu tors  shal l  be located a t  the top of each tube inside the t o p  flood box. 
The flow distributors shall  be fabricated from 304 s t a i n l e s s  s t e e l ,  or other suit- 
able materials compatible w i t h  the process conditions. 
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Nozzles, Manways, Access Por ts ,  and View P o r t s  

The t y p i c a l  c o n f i g u r a t i o n  and o r i e n t a t i o n  o f  t h e  heat  exchanger nozz les i s  shown i n  

F igures 1-3 and 1-4. A l l  nozz les and o t h e r  i tems s h a l l  be l o c a t e d  as shown i n  

Tables 1-3 and 1-4. A l l  manways and access covers s h a l l  be designed (h inged i f  r e -  
q u i r e d )  so t h a t  one person can e a s i l y  open and c l o s e  each cover. 

Gaskets and Seals 

A l l  f i x e d  gaskets and sea ls  s h a l l  be e i t h e r  s p i r a l  wound sta in less-asbestos,  s e l f -  
energ iz ing  meta l  sea ls  (such as meta l  O-rings, c-seals ,  omega seals ,  e t c . ) ,  o r  
elastomer m a t e r i a l s  proven t o  be s u i t a b l e  f o r  t h e  des ign temperatures and c o n d i t i o n s .  
A l l  f i x e d  sea ls  and gaskets s h a l l  be r e t a i n e d  by a s u i t a b l e  r e t a i n i n g  r i n g  incorpo-  
r a t e d  i n t o  t h e  seal  o r  gasket des ign o r  by c o n t a i n i n g  t h e  seal  o r  gasket i n  grooved 
f l a n g e  c o n f i g u r a t i o n .  

Support S t r u c t u r e ,  Ladders , and P la t fo rms 

Each heat  exchanger s h a l l  be prov ided w i t h  t h e  necessary brackets  and o t h e r  dev ices 
f o r  secur ing  t h e  heat  exchangers t o  an a p p r o p r i a t e  suppor t  s t r u c t u r e  and f o r  a t t a c h -  

i n g  ladders  and p la t fo rms.  The suppor t  
designed based on t h e  t o t a l  system requ 
be l i m i t e d  t o ,  t h e  two heat  exchangers, 
mentat ion.  

The heat exchanger I s  suppor t  system sha 
and dynamic loads such as t h e  component 

suppor t  system design s h a l l  be based on 
be ing  complete ly  water  f i l l e d .  

s t r u c t u r e  , ladders  , and p l a t f o r m s  w i  11 be 
rements which w i l l  i n c l u d e ,  b u t  w i l l  n o t  

pumps, c o n t r o l  valves, p i p i n g ,  and i n s t r u -  

1 be.des igned based on a l l  a n t i c i p a t e d  s t a t i c  

weights, wind loads,  and se ismic loads.  The 
t h e  heat  exchangers and a l l  o t h e r  components 

The ladders  and p l a t f o r m s  s h a l l  be p laced so t h a t  access i s  p rov ided t o  a l l  connec- 
t i o n s ,  manways, and access p o r t s  on t h e  heat  exchangers as w e l l  as t o  c o n t r o l  valves, 
inst ruments,  and o t h e r  i tems r e q u i r i n g  o p e r a t o r  a t t e n t i o n  f o r  t h e  t o t a l  heat  ex- 
changer system. 
t i o n  i n t e r v a 7 s  complete ly  around t h e  h e a t  exchangers. 
s h a l l  be designed so t h a t  a space o f  12 in .  i s  p rov ided between t h e  p l a t f o r m s  and 

t h e  heat  exchanger vessels  f o r  i n s u l a t i o n  purposes. 

As a minimum requirement, p l a t f o r m s  s h a l l  be p laced a t  1 0 - f t  e leva-  
The heat  exchanger p l a t f o r m s  
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F1 ange 
( typi ca 

9 " 
( typical ) 

Side view of heat  exchanger 

Notes: 1. All nozzle connections to  be 9 inches long 
2.  
3. All FNPT nozzles per ANSI standards 
4. 

All nozzle flanges to be ANSI Class 150 raised face 

For actual nozzle types and locations,  re fe r  t o  
Figure 1-4 and Tables 1-3 and 1-4 

Figure 1-3. Typical Heat Exchanger Nozzle Arrangement 
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270- 

/Sump manway (SU-1)  

?R y ( + )  

900 

Top view o f  heat  exchanger 

E leva t i on  datums: 

Sump -- Sump manway centerline: above manway - (+) 
below manway - ( - )  

She1 1 -- Top o f  bottom tubesheet 

Top f lood  box -- Top o f  t op  tubesheet 

F igure  1-4. Nozzle O r i e n t a t i o n  
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Table 1-3 

HEAT EXCHANGER NOZZLE LIST--FIRST STAGE 

Nozzle 
Identi-  

f ica t ion  Location 

SH-1  Shell 

SU-2 Sump 

Orientation 

Horizontal 

Horizontal 

-FB-3 (Flood box I Vertical 

Description 
We1 1 head 

su-3 JSumo I Vertical 

Size Elevation Rotation X Y 
(inches) Type (inches) (degrees) ( inches) ( inches)  ~ 

90 NA I NA 

su-1 /Sump I Horizontal 

Vent gas 6 F1 ange NA NA 0 0 

91 owdown 
Condensate 

1 FNPT N A  NA 

SH-2 

SU-4 

FB-1 

SU-5 

SU-6 

Shell Horizontal 

Sump Horizontal 

Flood box Horizontal 

Sump Horizontal 

Sump Horizon t a  1 

t ransfer  
Reci rculating 
condensate 
Reci rculating 
con dens a t e  
Condens a te  
t ransfer  

3 Flange 2 270 NA NA 

14 Flange -78 90 NA NA 

14 F1 ange 18 90 NA NA 

3 Flange 0 2 70 NA NA 

I n i t i a l  f i l l  3 F1 ange 0 90 NA NA 

SU-7 Sump Verti ca 1 Drain 

Manway 
Pump reci  rcu- 
la t ion  l i n e  

Vent 

Vent 

3 F1 ange NA NA 0 +18 

24 F1 ange 0 0 NA NA 

8 F1 ange 0 180 NA NA 

6 F1 ange NA NA 0 - 15 

6 Fl ange 12 180 NA NA I 1 

SU-8 

FB-2 

SU-9 

Sump Horizontal 

Flood box Vertical 

Sump Ho ri zon ta  1 



Nozzle 
I den ti - 
fi c a t i  on Type 

FNPT 

FN PT 

FB- 14 

X E l  eva ti on Rota ti on 
( inches)  (degrees ( i riches) 

6 0 NA 

30 0 NA FB- 15 

FNPT 

FB- 16 

30 2 70 NA FB- 19 

SH- 10 She1 1 

S h e l l  

Shel l  

SH-11  

H o r i z o n t a l  Ins t rument  2 

Ho r i zo n t a  1 2 

H o r i z o n t a l  Ins t rument  2 

I ns t rume n t 

SH- 12 

FNPT 1 60 

SU- 15 

180 NA 

SU- 16 

FNPT 

FNPT 

FNPT 

FNPT 

SU- 17 

70 180 NA 

196 180 NA 

+ 12 135 NA 

+12 170 NA 

SU- 18 

Sump 

Sump 

5 ump 

jump 

5 ump 

su- 19 

Hor i  zon t a  1 I ns trumen t 2 

Ho ri zonta 1 Ins t rument  2 

H o r i z o n t a l  Ins t rument  2 

Ho r i z on t a 1 2 

H o r i z o n t a l  Ins t rument  2 

I n s t rumen t su-20 

su-22 

Table 1-3 (cont inued)  

Size 

F lood box H o r i z o n t a l  Ins t rument  1 2  

F lood box I H o r i z o n t a l  I Ins t rument  I 2  

F1 ood box I H o r i z o n t a l  Ins t rument  1 2  

Sump 1 V e r t i c a l  I Ins t rument  1 2  

Sump 1 H o r i z o n t a l  I Ins t rument  

FNPT I +12 I 200 1 NA 

FNPT - 36 240 NA 

Y 
( inches)  

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 



Nozzle 
Identi- Size E 1 eva ti on 

Orientation Description (inches) Type (inches) 

Horizontal Instrument 2 FNPT - 60 

Figures 1-3 and 1-4 for notzle orientation 
my centerline i s  located 9b inches a&ve bot.:om of sump 
 ADD^ i cab1 e 

Rota ti on X Y 
(degrees) (inches) (inches) 

2 40 NA NA 

4. FNPT--Female National Pipe Thread 
1 

I 



Table 1-4 

Nozzle 
I den ti - Size E l  eva ti on Rota ti on 
f i c a t i o n  Locat ion  O r i e n t a t i o n  Desc r ip t i on  ( inches)  Type ( inches)  (degrees) 

As 
SU-2 Sump Hor i zon ta l  Clean steam 3 F1 ange req u i  r e d  90 

FB-3 Flood box V e r t i c a l  Vent gas 4 Flange NA NA 
Reci r c u l a t i n g  

Reci r c u l a t i n g  

Condensate 

I n l e t  

Condensate 

SU-3 Sump Horizon t a l  condensate 6 Fjange -54 90 

FB-1 F lood box Hor izonta l  condensate 6 F1 ange 9 90 

SH-2 She l l  Ho r i zon ta l  t r a n s f e r  1 FNPT 2 270 

SH-3 She l l  Ho r i zon ta l  steam 6 Flange 24 90 

SU-4 Sump Hor i zon ta l  t r a n s f e r  1 FNPT 0 2 70 

SU-5 Sump Hor izon ta l  I n i t i a l  f i l l  2 FNPT 0 90 

SU-6 Sump Ve rti c a l  D ra in  3 FNPT NA NA 

SU-1  Sump Hor izon ta l  Manway 24 F1 ange 0 0 

SH-10 She l l  Hor izon ta l  t a t i  on 2 FNPT 80 180 

S H - 1 1  She l l  Hor izon ta l  t a t i o n  2 FNPT 60 180 

SH-12 She l l  Hor izon ta l  t a t i o n  2 FNPT 70 180 

I n s t rume n- 

Ins  t r m e n -  

Instrumen- 

SU-8 Sump V e r t i c a l  B1 owdown 1 FNPT NA NA 

HEAT EXCHANGER NOZZLE LIST--SECOND STAGE 

X Y 
( inches)  ( inches)  

NA NA 

0 0 

NA NA 

NA NA 

NA NA 

NA NA 

NA NA 

NA NA 

0 i- 12 

NA NA 

NA NA 

NA NA 

NA NA 

0 0 



Table 1-4 (cont inued)  

Nozzle 
Iden t i -  S i ze  Eleva t ion  Rota t i  on X 
f i c a t i o n  Location Or ien ta t ion  Descr ipt ion (inches) Type (inches) (degrees )  ( inches )  

su-9 Sump Horizontal  Vent 4 F1 ange 12 180 NA 

FB-2 Flood box Ver t i ca l  Vent 4 FNPT N A  NA 0 

FB-10 Flood box Vertical Vent 1 FNPT NA NA 0 

FB- 14 F1 ood box tlori zonta l  t a t i  on 2 FNPT 3 0 NA 

FB-15 Flood box Horizontal  t a t i o n  2 FNPT 15 0 NA 

FB-16 Flood box Horizontal  t a t i o n  2 FNPT 3 180 NA 

su-7 Sump Hori zon t a  1 cul a t i  on 1 i ne 4 F1 ange 0 180 NA 

SU-12 Sump Horizontal  Vent 4 FNPT +12 135 NA 

SU-13 Sump Horizontal  t a t i o n  2 FNPT + 12 170 NA 

SU-14 Sump Horizontal  t a t i o n  2 FNPT +12 200 NA 

SU-16 Sump Horizon t a l  t a t i  on 2 FNPT + 12 60 NA 

SU-17 Sump Horizontal  t a t i  on 2 FNPT - 12 60 NA 

SU-20 Sump Horizontal  t a t i o n  2 FNPT +12 2 40 NA 

SU-22 Sump Horizontal  t a t i o n  2 FNPT -27 2 40 NA 

Ins  trumen- 

I n s t rumen- 

Ins  trumen- 

Pump reci r- 

lnstrumen- 

Ins  trumen- 

Instrumen- 

Instrumen- 

Ins  trumen- 

lnstrumen- 

------- 
--------- 

H 
I 
A 
P 

Y 
( inches )  

NA 

- 12 

+6 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

~~ 



H 
I 
-.1 

r 

Nozzle 
I d e n t i -  S ize E l e v a t i o n  Rota t ion  X Y 
f i c a t i o n  Locat ion  O r i e n t a t i o n  D e s c r i p t i o n  ( inches)  Type ( inches)  (degrees) ( inches)  ( inches)  

Instrumen- 
SU-23 Sump Hor i  zon t a  1 t a  ti on 2 FNPT -48 240 NA NA 

I 

I 

NOTES: 1. Refer  t c  F igures 1-3 dnd 1-4 f o r  nozz le  o r i e n t a t i o n  
2. 
3. NA--Not App l icab le  
4. kNpl--Female Nat iona l  P ipe Thread 

Sump marway c e n t e r l i n 4  i s  l o c a t e d  6 inches ab3ve bot tom of sump 

1 1 1 

v1 

. 
Table 1-4 (cont inued)  



Materi a1 s of Construction 

The heat exchangers shall be fabricated completely of 304 stainless steel except 
for bolting materials, flow distributors,  and seals and gaskets. The bolting 
materials shall be selected based on considerations of strength requirements, 
corrosion, galling, and galvanic reactions. 
tr ibutors shall be as previously specified in th i s  specification. 

The seals,  gaskets, and flow dis- 
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Appendix J 

2.5-MW PILOT PLANT VENT GAS CONDENSER SPECIFICATION SHEET 

Process Equipment I tem Number: 

TEMA Heat Exchanger Type: 
Surface Area: 
Performance o f  U n i t :  

F l u i d  d e s c r i p t i o n  
F l u i d  q u a n t i t y ,  l b / h  

Water vapor, i n / o u t  
Steam 
Water 
Noncondensables 

Temperature, OF, i n/out  
Densi ty ,  l b / f t 3 ,  i n / o u t  
Mol ecul  a r  weight  , 
noncondensabl es 
I n l e t  pressure, p s i g  

Pressure drop a1 lowed 
(ca l cu la ted )  p s i  
Fou l ing  res i s tance  

Heat exchanged: 
LMTD : 
Heat t r a n s f e r  r a t e :  

Const ruc t ion  o f  One She l l  : 
D e s i g n k e s t  pressure p s i g  
Design temperature, dF 
No. passes p e r  s h e l l  
Corros ion allowance, i n .  
Gaskets 
Tube type:  
Ma te r ia l  : 

HX-003 
CJP, h o r i z o n t a l  

1490 ft2 

She1 1 s i  de 

2nd-stage vent  gas 
1450 

- /5  
1338/- 
-/1333 
112/112 
21 5/120 
0.038/62. 43, 0.1 244 

42 
5 

NA 

0.0005 

1.33 x l o 6  Btu/h 

50 Btu / (  h. ft2- OF) 
2 0 0 ~ 5  

150/code 
370 
1 
1/16 
Metal o r  asbestos 

Smooth 

Tubeside 

Cool i ng water2 
26,750 

o/o 
-1- 
26,750/26,750 
-/- 
85/135 

-1- 

- 

12 

2 

0.003 

(es t . )  

304 s t a i n l e s s  s t e e l  

150/code 
370 
7 
1/16 
Metal o r  asbestos 

Sketch showing connection s i z e  and r a t i n g :  See F igure  J-1 
Standards and Code Requirements: 

=ists o f  steam w i t h  f o l l o w i n g  approximate noncondensable loaaings:  32,900- 
134,700 ppm C02; 2450-9800 ppm H2S; 200-2550 ppm NH3; and 400-2550 ppm o the r  

"i 1 te red  cool  i ng tower water 
3Condensate 

TEMA, Class C, and ASME, Sec t ion  VI11 

(N2, CH4, H2) 
%as 
5Based on 12OoF on s h e l l s i d e  
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Nozzle No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

Horizontal Heat Exchanger 
TEMA Type CJP 

L 1 R" 

Description 

Inlet ,  tubeside 
Outlet, tubeside 
Inlet ,  shellside 
Condensate ou t l  e t  , shel 1 s i  de 
Gas outlet ,  shellside 
Instrument, shel l s i  de 
Instrument , shel 1 si de 
Instrument, shel 1 s i  de 
I ns trument 
Instrument 
Inspection Port ,  shellside 
Vacuum breaker 

Type 

Flange, ANSI RF 
Flange, ANSI RF 
Flange, ANSI RF 
Flange, ANSI RF 
Flange, ANSI RF 
Flange, ANSI RF 
Flange, ANSI RF 
Flange, ANSI RF 
Flange, ANSI RF 
Flange, ANSI RF 
Flange, ANSI RF 
Flange, ANSI RF 

Figure J-1. Vent Gas Condenser Configuration 
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Appendix K 

2.5-MW PILOT PLANT FIRST-STAGE PUMP SPECIFICATION SHEET 

Process Equipment Item Nos. : 

Type: Horizontal Centrifugal or Vertical Can 

Design Conditions per Pump--Flow: 

P-001A and P-001B 

2300 gpm 
TDH : 37 f t  
Approx. Mechanical hp: 24 

Pi p i n g  System Design Condi tions--Temperature: 

Available Net Posit ive Suction Head: 6 f t  

Operating Fluid Temperature Range: 

37OoF 

33OoF t o  345OF 

Pressure: 150 p s i g  

Fluid: 
chlorides 

Water w i t h  possible s ign i f icant  concentrations of H2S, NH3, boron, and 

Accessories: Electr ic  motor driver, coupling, base plates  

Seals: 

Materials: 
o f  materials su i tab le  for  process conditions and environment 

Stuffing box design sui table  f o r  process conditions 

All wetted par ts  of 316 s t a i n l e s s  s tee l  construction, a l l  other parts 

Motor Type: 

Performance Curves: 

NEMA-TEFC of su i tab le  construction f o r  specified environment 

Cert i f ied performance curves are  required 
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Appendix L 

2.5-MW PILOT PLANT SECOND-STAGE PUMP SPECIFICATION SHEET 

Process Equipment Item Nos.: P-002A and P-002B 

Type: Horizontal Centrifugal or Vertical Can 

Design Conditions per Pump--Flow: 330 gpm 
TDH : 22 f t  
Approx. Mechanical hp:  2 

P i  p i n g  System Design Condi t i  ons--Temperature: 37OoF Pressure: 150 psig 

Available Net Posit ive Suction Head: 6 f t  

Operating Fluid Temperature Range: 32OoF t o  345OF 

Fluid: 
chlorides 

Water w i t h  possible s ign i f icant  concentrations of H2S, NH3, boron, and 

Accessories: Electr ic  motor driver, coupling, base plates  

Seals: Stuffing box design su i tab le  for process conditions 

Materials: All wetted parts of 316 s t a i n l e s s  s tee l  construction, a l l  o ther  parts 
of materials su i tab le  for  process conditions and environment 

Motor Type: NEMA-TEFC of sui tab le  construction f o r  specified environment 

Performance Curves: Cert i f ied performance curves are  required 
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Appendix M 

2.5-MW PILOT PLANT FIRST-STAGE CONDENSATE TRANSFER TANK SPECIFICATION SHEET 

Process Equipment I tem No.: T-001 

Code Requirements: Code stamped i n  accordance w i t h  ASME Sec t ion  VI11 

Tes t ing :  Per t h e  above code, w i l l  be wi tnessed 

M a t e r i a l s  o f  Const ruc t ion :  304 s t a i n l e s s  s t e e l  

F a b r i c a t i o n :  A1 1 welds t o  be heat - t rea ted  

Design Temperature: 37OoF 

Design Pressure: 150 p s i g  

F l u i d :  
t h a t  migh t  encourage s t r e s s  c o r r o s i o n  

Corros ion Allowance: 1/16 i n .  minimum 

Water w i t h  p o s s i b l e  s i g n i f i c a n t  concent ra t ions  o f  H2S, NH3, and o t h e r  species 
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Nozzle 
Number Descri p t i  on Si ze Type 

1 I n l e t  3 I' Flange, ANSI RF 

Flange, ANSI RF 
3 Vent 1 FNPT 
4 Drain 3/4" FNPT 

5-7 Instrument 3/4" FNPT 

2 Outlet 3 It 

Figure M-1 . First-stage Condensate Transfer T a n k  Configuration 
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Appendix N 

2.5-MW PILOT PLANT SECOND-STAGE CONDENSATE TRANSFER TANK SPECIFICATION SHEET 

Process Equipment I t e m  No.: T-002 

Code Requirements: 

Tes t ing :  Per t h e  above code, w i l l  be wi tnessed 

M a t e r i a l s  f o r  Construct ion:  304 s t a i n l e s s  s t e e l  

F a b r i c a t i o n :  A1 1 welds t o  be h e a t - t r e a t e d  

Design Temperature: 37OoF 

Design Pressure: 150 p s i g  

Code stamped i n  accordance w i t h  ASME Sec t ion  VI11 

F l u i d :  
t h a t  migh t  encourage s t r e s s  c o r r o s i o n  

Corros ion Allowance: 1/16 i n .  minimum 

Water w i t h  p o s s i b l e  s i g n i f i c a n t  concent ra t ions  o f  H2S, NH3, and o t h e r  species 
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0 0 

Nozzle 
Number Description 

1 Inlet  
2 Out1 e t  
3 Vent 
4 Drain 
5- 7 Instrument 

S ize  Type 

1 Flange, ANSI RF 
1 I1 Flange, ANSI RF 
1 I1 MNPT 
314" MNPT 
314" MNPT 

Figure N-1. Second-stage Condensate Transfer Tank Configuration 
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Appendix 0 

2.5-MW PILOT PLANT CONTROL VALVE LIST 

A P  a t  Upstream 

Design Flow Val ve L i n e  Valve Tempera t u  r e  Pressure Des i gn 
Number Number Type Fai l  Serv ice (OF) ( p s i a )  F1 ow ( p s i )  

AOV- 100 

PV- 111 
LV- 118 
FV- 120 

0 FV-133 
FV- 134 
LV- 137 
FV-211 
LV-218 
FV-220 
FV-223 
FV- 234 
LV-237 
FV- 240A 
FV- 2406 
TV-300 
PV- 306 
LV-309 

I 
--I 

10 "-WH S - 1 -SS 1 

l O " - C S -  1-ss1 
3"-F- 1 -SS1  
1 I' - B D- 1 - SS 1 

8" - C - 7- S S 1 
14" - C-6-SS 1 
3" - c-9 - ss 1 
3" -cs- 2-ss 1 
2" - F- 2- S S 1 
1 I' - B D - 2- S S 1 

4" - c- 17 - ss 1 
6"-C-16-SSl 
1" - c-  19- ss 1 
8" - VT- 3- S S 1 
6" - VT- 1- SS 1 

4" - cw- 1 -ss2 
1%'' -VT-4-SS1 

2" - c-  20- ss 1 

G1 obe 

Globe 

Globe 

G1 obe 

G1 obe 

B u t t e r f l y  
G1 obe 
G1 obe 

G1 obe 
G1 obe 

G1 obe 
B u t t e r f l y  

G1 obe 
Globe 

G1 obe 
Globe 

G1 obe 

G1 obe 

C1 osed 
As i s  

As i s  

C1 osed 

As i s  
As i s  
As i s  
C1 osed 
As i s  

As i s  
As i s  
As is 
As i s  
As i s  

C1 osed 

Open 
C1 osed 

As i s  

Steam 

Steam 

Water 
Water 

Water 

Water 
Water 
Steam 

Water 
Water 

Water 
Water 

Water 

Steam 
Steam 

Water 

Gas 
Water 

34 7 129 
337 113 

70 113 
337 113 
370 200 

370 200 
370 150 
370 150 
370 150 
3 70 150 
3 70 200 
370 200 

370 150 
370 150 
370 150 
To be determined 

370 150 
370 150 

52,600 l b / h  

50,000 l b / h  

1.06 gpm 

1.11 gpm 

1,125 gpm 

3,000 gpm 
111.4 gpm 
1,100 l b / h  

0.01 gpm 
0.01 gpm 

160 gpm 
426 gpm 

2.6 gpm 

1,450 l b / h  

2,600 l b / h  

59.5 gpm 
260 l b / h  

2.3 gpm 

3 
2 
5 

1 5  
5 

1 
1 5  
5 
5 

15 
15 
1 

15 
15 

2 
5 
2.5 
2.5 





Appendix P 

2.5-MW PILOT PLANT MANUAL VALVE LIST 

S i z e  
Type ( i n . }  

Gate 

Globe, t h r o t t l i n g  

Globe, t i g h t  s h u t o f f  

Check, i n - l i n e  

Check, vacuum breakers 

14 
10 
8 
6 
4 
3 
2 
1 1/2 
1 

12 
8 
6 
4 
3 
2 
1 

3/4 
1 /2 

3 
2 

3/4 
1 /2  

14 
8 
6 
4 

1 

P- 1 

Q u a n t i t y  

6 
4 
3 
8 
7 
9 
4 
2 

12  

1 
2 
2 
2 
3 
1 
4 
3 
3 

1 
1 
4 

122 

2 
1 
2 
1 

7 





Appendix Q 

2.5-MW P I L O T  PLANT L I N E  L I S T  



Line 
Identification 
Si zelservlnol 
mat'l spec 

3/4"-SW-Z-SSl 
1 /2"-SW-3-SSl 
1/2"-SW-4-SSl 
1/2"-SW-S-SSl 
1/2"-SW-6-SS1 
3/4"-F-1 -SS1 
7"-F-7-C<1 

1 "-ED-1-SS1 
1 "-ED-2-SSl 
3"-DR-l-SSl 
3"-DR-Z-SSl 
6"-DR-3-SSl 
l'I-DR-4-SSl 
1 "-DR-5-SSl 

Appendix Q (continued) 

1 

Desisn Conditions 
Fluid Design Flow Specicic Design Design Velocity Oper. 

Volme Temp Press Wesign T";. Press 
V T P Flow P (Phase) . 

M Q 
(1b/h) (gpn) [ft3/lb) ( O F )  (psia) (ft/s) (OF) (psia) 

A--No insulation 

E--Insulation thickness for personnel protection only 

C--Insulation thickness for process efficiency 



Appendix R 

2.5-MW PILOT PLANT GENERAL PIPING SYSTEM SPECIFICATIONS 

GENERAL 

All detailed piping system specifications and components shall comply with the 
Power Piping Code ANSI B31.1. All piping, f i t t ings ,  valve bodies, and other com- 
ponents shall be of commercial quality and design, suitable for  outdoor  power 
plant applications. 

MAT E R I ALS 

All p i p i n g ,  f i t t ings ,  valve bodies, and other piping components shall be type 304 
stainless steel  with the following specifications: 

@ Piping -- ASTM A312 

0 Forgings -- ASTM A182 

Bar stock -- ASTM A479 

P1 a te  -- ASTM A240 

All valves shall have stainless steel trim; a l l  other valve wetted and nonwetted 
parts shall be of materials suitable for  corrosive fluids and corrosive ambient 
conditions. 

MECHANICAL CONNECTIONS 

All mechanical piping connections shall be threaded connections for 2-inch and 
smaller pipe and flanged connections for  pipe sizes larger t h a n  2 inches. All 
t h r e a d  and flange dimensions shall comply with the appropriate ANSI standards in- 
cluding the Power P i p i n g  Code (ANSI 831.1) and those standards that dictate dimen- 
sions and sizes.  All flanges shall be raised-face flanges. All gaskets shall be 
spiral-wound stainless steel  and asbestos w i t h  s tainless steel backing rings. 

WELDED CONNECTIONS 

All welded p i p i n g  connections shall be socket-weld for 2-inch and smaller pipe and 
butt-weld for pipe sizes larger than 2 inches. All socket dimensions, weld prep 
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dimensions, welding specifications, and inspection requirements shall comply w i t h  
the Power P i p i n g  Code (ANSI B31.1) and a l l  other appropriate ANSI standards dic- 
t a t i n g  dimensions, sizes,  welding practices, and  inspection requirements. 

PIPE  SCHEDULES 

The m i n i m u m  pipe schedule for a l l  sizes shall be Schedule 40. 

DES I GN CONDITIONS 

0 Pipe specification SS1: Service -- general process piping 
Pressure -- 150 p s i g  
Temperature -- 37OoF 

Pressure -- t o  be determined 
Temperature -- t o  be determined 

0 Pipe specification SS2: Service -- low pressure, low temperature 
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I ns t rumen t 
Number 

100 

10 1 

102 

104 

105 

106 

107 

108 

109 

110 

111 

112 

113 

114 

Appendix S 

2.5-MW PILOT PLANT INSTRUMENTATION LIST 

Measured 
Parameter 

We1 1 head 
steam 
pressure 
We1 lhead 
steam 
temperature 
We1 1 head 
steam 
flow 

We1 lhead 
steam 
qual i ty  
S he1 1 s i  de 
pressure 
She1 1 si de 
temperature 
F1 ood box 
level 
F1 ood box 
level 
Vent steam 
qual i ty 

AP; well head 
t o  clean 
steam 
Clean steam 
flow 

Clean steam 
quality 

Clean steam 
temperature 
Clean steam 
pressure 

Data 
Moni tor i  ng 

Components and Functions Channels 

Indicator/transmi t t e r  1 

Temperature el emen t 
I ndi cator/ transmi t t e r  

F1 ow element 
Transmitter 
I ndi cator  
Integrator  
Calorimeter 
Temperature element 
I n d i  cator/transmi t t e r  
Indicator 

I ndi cator 0 

Indicator/transmitter 1 

Level gauge 0 

Ca 1 ori  meter 
Temperature element 
I ndicator/transmi t t e r  
AP transmitter 

Flow element 
Transmitter 
I ndi  cator 
I n tegrator  
I n d i  cator/controller 
Ca 1 ori  me ter  
Temperature e l  emen t 
I ndicator/transmi t t e r  
Temperature element 
I ndi cator/transmi t t e r  
Indi cator/transmi t t e r  
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Instrument Measured 
Number Parameter 

116 Sump 

117 Sump pressure 
118 Sump level 

temperature 

119 
120 

122 

12 3 

12 4 

125 

126 

127 

128 

129 

130 

131 

Sump level 
Blowdown flow 

Reci rcul a ti ng  
temperature 
Reci rcul a t i  ng 
conductance 

Pump suction 
pressure 
Pump suction 
pressure 
Pump discharge 
flow 
Pump discharge 
flow 
Pump discharge 
pressure 
Pump discharge 
pressure 
Seal water 
flow 
Seal water 
flow 

Appendix S (continued) 

Data 
Moni tori  ng 

Components and Functions Channels 

Temperature element 
Indicator/transmitter 
Indi  cator/transmi t t e r  
Indica tor/transmi t t e r  1 
I n d i  cator/controll e r  ( 2 )  
High-level sensor 
Low-level sensor 
High-level alarm 
H i g h ,  h i  gh-level/uni t shutdown 
LOW, low-level/uni t shutdown 
Low, low-level/pump shutdown 
Level gauge 
Flow element 
Transmitter 
I ndi  cator 
I n tegrator (2) 
I nd i  cator/control l e r  
Temperature element 
I ndi cator/transmitter 
Conductance element 
I n d i  cator/transmi t t e r  
High-level sensor 
High-level alarm 
Indicator 

Indicator 

Low-f 1 ow sensor 

Low-fl ow sensor 

Indicator 

Indicator 

Controller 

Controller 
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I n s t r u m e n t  
Number 

132 

133 

134 

135 

136 

137 

138 

Meas u re d 
Parameters 

Reci rcul a t i  on 
pressure 
Recirculation 
flow 

Appendix S (continued) 

Recirculation 
flow 

Reci rcul a t i  on 
temperature 
Condensate 
temperature 
Condensate level 

Condensate flow 

140 Vent s team 
flow 

141 Vent steam 
temperature 

142 Vent steam 
pressure 

205 She 1 1 s i de 
pressure 

2 06 Shellside 
temperature 

207 F1 ood box 
level 

208 F1 ood box 
l P V P 1  

Data 
Moni tori ng  

Components and Functions Channels 

Indi  cator/transmi t t e r  1 

Flow element 
Transmitter 
Indicator 
Integrator 
Indicator/controller 
F1 ow el  emen t 
Transmitter 
I nd i  ca t o r  
I n tegrator 
Indicator/controller 
Temperature e 1 emen t 
Indicator/ transmitter 
Tempera t u  re e 1 emen t 
Indi cator/transmi t t e r  
Indicator/ transmi t t e r  
Indicator/control l e r  
High-level alarm 
Low-level sensor 
High-level sensor 
Low, low-level/uni t shutdown 
Flow element 
Transmi t t e r  
I ndi  ca t o r  
Integrator 
Flow element 
Transmitter 
I ndi ca t o r  
Integrator 
Temperature e 1 emen t 
I ndi cator/transmi t t e r  
Indi  cator/transmi t t e r  

Indicator 

Indicator 

Indi cator/transmi t t e r  

Level gauge 
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Appendix S (continued) 

Instrument Measured 
N umber Parameter 

2 10 AP; i n l e t  

211  Clean steam flow 
to  clean steam 

2 13 Clean steam 
temp era t u re 

2 14 Clean steam 
press ure 

2 16 Sump temperature 

2 17 Sump pressure 
2 18 Sump level 

2 19 Sump level 
220 B1 owdown f 1 ow 

222 Reci rcul a t i  ng 
temperature 

223 Reci rcul a t i  ng  
con duc t a  nce 

224 Pump suction 
pressure 

225 Pump suction 
press ure 

226 Pump discharge 
flow 

Data 
Moni tori  ng 

Components and Functions Channels 

AP transmitter 1 

F1 ow el emen t 
Transmitter 
I ndi  cator 
1 ntegrator 
I ndicator/control l e r  
Temperature e l  emen t 
I ndi cator/transmi t t e r  
Indicator/transmi tter 

Temperature e l  emen t 
I ndi cator/transmi t t e r  
Indicator/transmi t t e r  
Indi cator/transmi t ter  
I ndi cator/control l e r  ( 2 )  
H i gh-level sensor 
Low-level sensor 
High-level alarm 
High, h i  gh-level/uni t shutdown 
Low, low-level/unit shutdown 
L ow, 1 ow- 1 eve 1 /pump shutdown 
Level gauge 
Flow element 
T ransmi t ter 
I ndi cator 
Integrator  ( 2 )  
I ndi cator/control l e r  
Temperature element 
I nd i  cator/transmi t ter  
Conductance e 1 ernent 
I ndi  cator/ transmi t t e r  
High-level sensor 
High-level alarm 
Indicator 

I ndi cator 

Low-flow sensor 

1 

1 

1 

1 

1 
1 

0 

1 
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Instrument 
Number 

227 

228 

229 

2 30 

231 
2 32 

2 33 

2 34 

235 

2 36 

2 37 

2 38 

240 

241 

Appendix S (continued) 

Measured 
Parameter 

Pump discharge 
flow 
Pump discharge 
pressure 
Pump discharge 
pres sure 
Seal water flow 
Seal water f 1 ow 
Reci rcula t i  on 
press ure 
Reci rcul a t i  on 
flow 

Recirculation 
flow 

Recirculation 
temperature 
Con dens a t e  
temperature 
Condens ate  
level 

Condensate f 1 ow 

Vent steam flow 

Vent steam 
tempera t u re 

ComDonents and Functions 

Low-fl ow sensor 

Indicator 

Indi ca tor  

Controller 
Controller 
Indicator/ transmitter 

Flow element 
T ransmi t t e r  
Indica tor  
I ntegra to r  
I ndicator/control l e r  
Flow element 
Transmitter 
I ndi cator 
Integrator  
I ndi cator/control l e r  
Temperature element 
I ndicator/transmitter 
Temperature e 1 ement 
I ndi cator/transmi t t e r  
I n d i  cator/transmi t t e r  
I n di ca tor/con t r o l l  e r  
High-level alarm 
Low-level sensor 
High-level sensor 
Low, low-level/unit shutdown 
Flow element 
Transmitter 
I n d i  cator 
I ntegrator 
Flow element 
Transmitter 
I ndi ca tor  
Integrator 
Indica tor  control l e r  (2 1 
Switch ( 2 )  
Temperature e l  emen t 
Indicator/transmi t t e r  
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Data 
Monitoring 
Channels 

0 

0 

0 

0 
0 
1 

1 

1 

1 

1 
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Appendix S (continued) 

Data 
Monitoring 

Components and Functions Channels 

Indicator/transmi t t e r  1 

Instrument 
Number 

242 

30 0 

30 1 

302 

30 3 

304 

30 5 

306 

308 

30 9 

Measured 
Parameters 

Vent steam 
pressure 
Cool i ng water 
flow 

Cool i ng water 
in le t  pressure 
Cool i ng water 
i n  l e t  temperature 
Cool i ng water 
outlet  pressure 
Cooling water 
outlet  
temperature 
Vent gas flow 

Vent gas pressure 

Vent gas 
temperature 

Condenser sump 
level 

3 10 Condens ate 

311 Condensate 
temperature 

pressure 

Flow element 
Transmitter 
I ndi cator 
I n tegra t o r  
Indicator 

Temperature element 
I ndi cator/transmi t t e r  
Indicator 

Temperature el emen t 
I ndi cator/ transmitter 

Flow element 
T ransmi t t e r  
I ndi cator 
Integrator 
Indi cator/transmi t t e r  
I ndi cator/control l e r  
Temperature element 
I n d i  cator/transmi t t e r  
I n d i  cator/con trol l e r  
High-temperature alarm 
Indica tor /  transmi t t e r  
Indicator/control l e r  
High-level sensor 
Low-level sensor 
High-level alarm 
Low, low sump level/unit shutdown 
Level gauge 
Temperature el  emen t 
Indi cator/transmi t t e r  
I ndi ca tor/ transmi t t e r  

1 

0 

1 

1 

1 

1 

1 
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Appendix T 

2.5-MW PILOT PLANT ADDITIONAL COMPONENT LIST 

I tem Desc r ip t i on  

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

Sample s t a t i o n s  
(des ignat ion  AX) 

S t ra ine rs  

Steam t r a p  

S t r u c t u r a l  s t e e l  

Pipe hangers 

Data c o l l e c t i o n  system 

Motor c o n t r o l  cen ter  

304 s t a i n l e s s  s tee l ;  one per tube i n  HX-001, 
HX-002; 1713 t o t a l  

Prov is ions  f o r  c o l l e c t i n g  and coo l i ng  samples 
f o r  chemical ana lys is ;  t o t a l  o f  12 sample l i n e s  

316 s t a i n l e s s  s t e e l  bodies and mesh, 4 each %I' 

and 2 each 1" ( s i m i l a r  t o  Armstrong no. E2SW-% 
and E2SW-1) 

316 s t a i n l e s s  s tee l ,  2 each 1" ( s i m i l a r  t o  
Armstrong s i z e  1013) 

S tee l  requ i red  t o  suppor t  vessels, p i p i n g  and 
a l l  o the r  components du r ing  opera t ion  and i n  the  
event o f  a seismic d is turbance;  a l so  prov ide  f o r  
OSHA-approved handra i l s  and p la t fo rms t o  a s s i s t  
u n i t  opera tors  

As requ i red  t o  suppor t  p i p i n g  under a l l  opera- 
t i o n a l  and seismic cond i t i ons  

Prov ide c a p a b i l i t y  o f  mon i to r ing  58 parameters 
and s t o r i n g  o f  c r i t i c a l  system performance 
data 

Contro l  opera t ion  o f  4 pump motors represent ing  
a load o f  40 kW 
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Appendix U 

2.5-MW PILOT PLANT INTERFACE LIST 

Identifying 
Number Description Requirements 

IF 1 We1 1 head steam 

IF 2 

IF 3 

IF 4 

IF 5 

IF 6 

I F  7 

IF 8 

IF 9 

IF 10 

IF 11 

IF 12 

IF 13 

Clean steam t o  turbines 

347OF, 129 psia 
250 ppm H2S, 0.5% to ta l  
noncondensabl es 

337OF, 113 psia 
12.5 ppm HzS, 0.01% 
to ta l  noncondensabl es  
50,000 lb/h 

335'F, 110 psia 
45 gpm when draining both 
heat exchanger sumps 

Blowdown , condensate and drain 
t o  cooling tower basin 

Clean steam 

Seal water f o r  pumps 

Makeup water 

335OF, 110 psia 
0.01%, to ta l  nonconden- 
sables 
1136 lb/h 

Good qual i ty  water 
8OoF, 20 psia ,  4 gpm 

Good qual i ty  water 
340OF, 120 psia ,  45 gpm 
f o r  s t a r t u p  

Vent gases t o  Stretford u n i t  IZO'F, 5 p s i g  
Primarily noncondensables 
and H2S 

Cooling water t o  vent gas condenser 85OF, 50 p s i a  
60 gpm 

Cooling water return from vent 135OF, 48 ps ia  
gas condenser 60 gpm 
Service water For washing and cleaning 

Instrument a i r  

Electr ical  power 

100 psia 
Clean o i l - f r e e  a i r ,  
instrument qua l i ty  

440 vac, 3-phase 
40 kW 

Electr ical  power 110 vac 
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