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ABSTRACT 

The purpose of this report is to document the test results and 
conclusions pertinent to operating Mode 5 (charging only) and Mode 6 
(extraction) of the Thermal Storage Subsystem o f  Solar One. Mode 5 was 
demonstrated successfully, particularly during periods of cloud passages 
over the sun. Dual charging train testing, while successful, revealed 
that dual train operation was not often necessary or desirable. Mode 6 
testing was demonstrated for both single and dual train operation; stable 
single train operation was demonstrated at 0.7 MWe (gross). 
extractable energy capacity of the Thermal Storage Unit was demonstrated 
to exceed the design requirements during Mode 6 testing. 

The 
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SOLAR THERMAL TECHNOLOGY 
FOREWORD 

The research and development described in t h i s  document was conducted 
within the U.S. Department of Energy’s ( D O E )  Solar Thermal Technology Program. 
The goal of the Solar Thermal Technology Program i s  t o  advance the engineering 
and s c i e n t i f i c  understanding of s o l a r  thermal technology, and t o  es tabl ish 
the technology base from which private industry can develop so lar  thermal 
power production options for  introduction into the competitive energy market. 

mirrors or  lenses onto a receiver where the so la r  energy i s  absorbed as heat 
and converted i n t o  e l e c t r i c i t y  or  incorporated i n t o  products as process h e a t .  
The two primary so lar  thermal technologies, central  receivers and dis t r ibuted 
receivers,  employ various point and l ine-focus opt ics  t o  concentrate sunlight.  
Current central  receiver systems use f i e l d s  of he1 i o s t a t s  (two-axis t r a c k i n g  
mirrors) t o  focus the sun‘s radiant energy o n t o  a s ingle  tower-mounted receiver. 
Parabolic dishes up  t o  17 meters in diameter track the sun in two axes and use 
mirrors or Fresnel lenses t o  focus radiant energy onto a receiver .  Troughs and 
bowls are  l ine-focus tracking re f lec tors  tha t  concentrate sunlight o n t o  receiver 
tubes along t h e i r  focal l i nes .  
alone or  in a multi-module system. The concentrated radiant  energy absorbed by 
the so la r  thermal receiver i s  transported t o  the conversion process by a c i r cu -  
l a t ing  working f lu id .  Receiver temperatures range from 100°C in low-tempera- 
tu re  troughs t o  over 150OoC in dish and central  receiver systems. 

Solar thermal technology concentrates so la r  radiation by means o f  tracking 

Concentrating co l lec tor  modules can be used 

The Solar Thermal Technology Program i s  direct ing e f f o r t s  t o  advance and 
improve promising system concepts through the research and development of solar 
thermal materials,  components, and subsystems, and the tes t ing  and performance 
evaluation of subsystems and systems. These e f f o r t s  are  carr ied out t h r o u g h  
the technical direct ion of DOE and i t s  network of national laborator ies  who 
work with pr ivate  industry. Together they have established a comprehensive, 
goal directed program t o  improve performance and provide technically proven 
options fo r  eventual incorporation into the Nation’s energy supply. 

To be successful in contributing t o  an adequate national energy supply a t  
reasonable cost ,  so la r  thermal energy must eventually be economically competi- 
t i v e  with a var ie ty  of other energy sources. 
performance ta rge ts  have been developed as quant i ta t ive program goals. 
performance ta rge ts  are used in planning research and development a c t i v i t i e s ,  
measuring progress, assessing a l te rna t ive  technology options, and making 
optimal component developments. These ta rge ts  will be pursued vigorously t o  
insure a successful program. 

Components and system-level 
The 

The work presented in t h i s  report  was performed as  p a r t  of the Solar One 
subelement of the Systems Experiments t a s k .  
Storage Subsystem o f  Solar One presented herin will serve as an aide i n  t h e  
future  designs of thermal storage subsystems. 

The t e s t  report fo r  the Thermal 
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Sec t ion  1 

INTRODUCTION 

S o l a r  One i s  t h e  w o r l d ' s  l a r g e s t  so lar - thermal  c e n t r a l  r e c e i v e r  power p l a n t .  

It i s  designed t o  produce 10 HWe n e t  power f o r  4 hours on t h e  design w i n t e r  

day and f o r  7.8 hours on t h e  design summer day. 

generate 7 HWe n e t  power f o r  up t o  4 hours f rom s to red  energy. 

elements o f  t h e  p l a n t ,  shown schemat ica l ly  i n  F igu re  1.1, i nc lude :  (a )  t h e  

C o l l e c t o r  System, which cons is t s  o f  1818 h e l i o s t a t s  surrounding t h e  c e n t r a l  

tower, (b)  a water-steam single-pass e x t e r n a l  rece ive r ,  ( c )  a Thermal Storage 

System, which s to res  heat i n  a s i n g l e  tank f i l l e d  w i th  o i l  and rock ( w i t h  a 

thermocl ine temperature boundary separat ing t h e  h o t  and c o l d  reg ions)  (d)  a 

standard steam-Rankine E l e c t r i c a l  Power Generation System, and (e) t h e  P l a n t  

Support and Contro l  Systems. D e t a i l e d  i n f o r m a t i o n  regard ing t h e  design and 

opera t i on  o f  each o f  these p l a n t  systems i s  inc luded i n  Reference 1. 

The p l a n t  i s  a l s o  designed t o  

The p r i n c i p a l  

S o l a r  One uses wa te rh team as bo th  t h e  r e c e i v e r  f l u i d  and t h e  t u r b i n e  working 

f l u i d  (F igu re  1.1). Steam i s  generated by 1818 i n d i v i d u a l l y  c o n t r o l l e d  

h e l i o s t a t s  r e f  e c t i n g  t h e  sun's image on t h e  b o i l e r  mounted on t o p  o f  a 

220-foot tower The superheated steam i s  p iped t o  t h e  bottom o f  t h e  tower 

where t h e  f l o w  path s p l i t s  t o  t h e  thermal s torage and/or t h e  steam t u r b i n e  

system. 

can be d i v e r t e d  i n t o  e i t h e r  o r  both systems. The Thermal Storage System (TSS) 

a c t s  as a b u f f e r  t o  the t u r b i n e  d u r i n g  per iods o f  r a p i d  changes i n  i n s o l a t i o n  

and produces steam when requ i red  t o  p rov ide  up t o  4 hours o f  e l e c t r i c a l  power 

generated a t  7 MWe n e t  output  o r  t o  p rov ide  seal  steam. 

it i s  p o s s i b l e  t o  operate t h e  p l a n t  i n  any o f  e i g h t  (8 )  bas i c  ope ra t i ng  

modes. The energy f l ow  paths f o r  each o f  t h e  opera t i ng  modes a r e  shown i n  

F igu re  1.2. 

Steam f l o w  i s  c o n t r o l l e d  so t h a t  any p o r t i o n  f rom 0 t o  100 percent  

Wi th these systems, 
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The p r i n c i p a l  f l o w  paths, i n c l u d i n g  major components and r e l a t e d  process 

ins t rumenta t ion ,  a re  shown i n  Figures 1.3 and 1.4. F igure  1.3 shows t h e  

feedwater, rece ive r ,  steam systems, and t h e  t u r b i n e  generator equipment. It 

a l s o  shows abbreviated schematics f o r  thermal storage. F igure  1.4 shows t h e  

d e t a i l e d  c h a r a c t e r i s t i c s  o f  t h e  thermal storage system. I t  inc ludes  t h e  

charging and e x t r a c t i o n  equipment as w e l l  as t h e  thermal storage u n i t  ( t a n k ) .  

1.1 Purpose 

Documentation o f  p l a n t  opera t ions  and t e s t i n g  i n  Mode 1 ( t u r b i n e  d i r e c t )  i s  

inc luded i n  Reference 2. 

Modes 2 ( t u r b i n e  d i r e c t  and charging),  3 (s to rage boosted), 4 ( i n - l i n e  f l o w ) ,  

and 7 (dua l  f l o w ) ,  a l l  i n v o l v i n g  t h e  combined opera t i on  o f  thermal storage and 

t h e  e l e c t r i c a l  power genera t ion  system, i s  inc luded i n  Reference 3. The 

purpose o f  t h i s  r e p o r t  i s  t o  document t h e  t e s t  r e s u l t s  and conclusions 

p e r t i n e n t  t o  Modes 5 (charg ing  o n l y )  and 6 (s to rage d ischarg ing) .  These modes 

represent s ingle-f low-path modes i n v o l v i n g  thermal storage alone. 

Documentation o f  p l a n t  opera t ions  and t e s t i n g  i n  

Th is  r e p o r t  i s  organized t o  discuss t h e  opera t ing  modes on an i n d i v i d u a l  

bas is .  The dedicated mode sec t ions  con ta in  t h e  f o l l o w i n g  s i x  subsections. 

o Sumnary o f  Mode Operation 

o Test Goals and Ob jec t ives  

o Design Summary 

o Test Approach and C r i t i c a l  Ins t rumenta t ion  

o Test Resul ts 

o Conclusions 

Throughout t h e  r e p o r t  a re  a number o f  "So la r  Data P l o t s . "  These f i g u r e s  were 

computer generated us ing  a standard format. I n  c e r t a i n  instances data c a l l e d  

ou t  i n  t h e  legend i s  e i t h e r  n o t  a p p l i c a b l e  o r  was n o t  a v a i l a b l e  and i s  noted 

w i t h  an "N/A"  i n  t h e  legend. 
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1.2 System D e s c r i p t i o n  and Operat ion 

The Thermal Storage System c o n s i s t s  of 4 elements o r  subsystems. These a r e  

shown schemat ica l ly  i n  F igu re  1.5 and c o n s i s t  o f :  (1) charg ing c i r c u i t ,  ( 2 )  

steam generat ion o r  energy e x t r a c t i o n  c i r c u i t ,  (3) thermal storage u n i t  (TSU),  

and ( 4 )  u l l a g e  maintenance u n i t  (UHU). F igu re  1.6 i s  a photo o f  t h e  

p r i n c i p a l  equipment. The charging and e x t r a c t i o n  process t r a i n s  c o n s i s t  o f  

t w i n  u n i t s  i n  p a r a l l e l ,  each capable o f  processing up t o  50 percent  o f  t h e  

heat  and f l u i d  f l o w .  This  f a c i l i t a t e s  t h e  requ i red  wide t h r o t t l i n g  range 

(20:1), improves r e l i a b i l i t y ,  and f a c i l i t a t e s  maintenance ( 1  t r a i n  can be 

on - l i ne  w h i l e  t h e  o t h e r  i s  being se rv i ced ) .  

t h e  k e t t l e  b o i l e r s  a r e  s h e l l  and tube heat  exchangers w i t h  t h e  low pressure 

o i l  i n  t h e  s h e l l  and t h e  h igh  pressure steam and water i n  t h e  tubes. A l l  heat 

exchangers a re  U-tube c o n s t r u c t i o n  t o  minimize thermal s t resses from t h e  d a i l y  

s t a r t u p .  

A l l  heat exchanger u n i t s  except 

Superheated steam from t h e  r e c e i v e r  ( s o l a r  b o i l e r )  en te rs  t h e  desuperheater a t  

1465 p s i a  and 950°F where i t  i s  mixed w i t h  a c o n t r o l l e d  amount o f  feedwater t o  

l i m i t  t h e  steam i n l e t  temperature t o  t h e  condensing heat  exchanger t o  650°F. 

This i s  t h e  maximum safe temperature f o r  l i m i t e d  exposure t o  avo id  excessive 

degradat ion o f  t h e  o i l .  

exchangers i s  r e t a i n e d  c lose  t o  t h e  h i g h  i n l e t  steam pressure, 1365 ps ia ,  by a 

c o n t r o l  va lve a t  t h e  f l a s h  tank which c o n t r o l s  t h e  r a t e  a t  which water leaves 

t h e  subcooler. 

The steam and water pressure i n  t h e  charg ing heat 

Dur ing charging, o i l  i s  removed f rom t h e  lower man i fo ld  a t  425"F, c i r c u l a t e d  

through t h e  f i l t e r  and charging pump, heated through t h e  subcooler and 

condenser, and re-enters t h e  TSU through t h e  upper man i fo ld .  F lowrate i s  

ad justed by a t h r o t t l i n g  va lve and v a r i a b l e  speed pump so t h a t  o i l  l e a v i n g  the  

condenser i s  a t  t h e  design value o f  580°F. 
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Figure 1-6. Principal Thermal Storage System E iquipment 



The steam generat ion c i r c u i t ,  us ing  two p a r a l l e l  t r a i n s ,  i s  designed i n  a 

s i m i l a r  manner t o  t h e  charg ing c i r c u i t .  O i l  leaves t h e  TSU a t  5 7 5 " F ,  

c i r c u l a t e s  through t h e  preheater,  b o i l e r ,  and superheater, and r e t u r n s  t o  t h e  

TSU through t h e  lower man i fo ld  a t  425°F. 

500 p s i a  and 250°F and leaves t h e  superheater a t  400 p s i a  and 530°F w i t h  85°F 

superheat. 

f i v e  s h e l l  and tube heat exchangers w i t h  o i l  on t h e  tube s ide .  The k e t t l e  

type b o i l e r  was se lected t o  s i m p l i f y  c o n t r o l  o f  t h e  e x t r a c t i o n  network. 

Feedwater enters  the  subcooler a t  

The k e t t l e  b o i l e r  i s  a U-tube design and i s  t h e  o n l y  one o f  t h e  

The charg ing and steam generat ion c i r c u i t s  a re  in terconnected w i t h  t h e  TSU i n  

a manner t h a t  a l lows simultaneous charging and e x t r a c t i o n  o r  i n d i v i d u a l  

ope ra t i on  a t  independent ly va ry ing  f l owra tes .  

constant  d u r i n g  opera t i on  so t h a t  va ry ing  heat i n p u t  and ou tpu t  i s  s a t i s f i e d  

by va ry ing  f ' lowrate. 

v a r i a b l e  speed motors a re  used t o  d r i v e  t h e  o i l  c i r c u l a t i o n  pumps ( thus 

conserving energy and easing t h e  va l ve  t h r o t t l i n g  requirements).  

speed pumps, a long w i t h  t h e  dual  t r a i n  system, reduce t h e  maximum turndown 

r a t i o  requ i red  i n  a s i n g l e  t r a i n  t o  a more manageable 10 t o  1 opera t i on .  

F l u i d  temperatures a re  h e l d  

Because f l u i d  f l o w r a t e s  were designed t o  vary by 20 t o  1, 

The v a r i a b l e  

The TSU i s  a 60-foot diameter, 45-foot h igh  welded s t e e l  tank c o n t a i n i n g  6800 

US tons o f  rock and 240,000 g a l  o f  C a l o r i a  HT43 (F igu re  1 . 7 ) .  The c o l d  and 

h o t  regions o f  t h e  rock bed a r e  separated by a f a i r l y  sharp temperature 

g rad ien t ,  c a l l e d  a thermocl ine,  t h a t  moves up and down t h e  tank as energy i s  

being e x t r a c t e d  o r  added t o  t h e  TSU. The h o t  s i d e  o f  t h e  thermocl ine i s  

toward t h e  upper reg ion  and t h e  c o l d  s i d e  i s  toward the  lower reg ion  o f  t h e  

tank.  O i l  enters  e i t h e r  t h e  t o p  o r  t h e  bottom o f  t h e  rock bed, depending on 

t h e  opera t i ona l  mode, and i s  d i s t r i b u t e d  evenly  across t h e  bed by t h e  two 

i n t e r n a l  mani fo lds.  The p o s i t i o n  o f  t h e  thermocl ine determines t h e  s t a t e  o f  

, 



Figure 1-7. Thermal Storage Unit (TSUI 
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charge o f  t h e  TSU. 

energy. When t h e  thermocl ine i s  a t  t h e  bottom mani fo ld ,  t h e  7SU i s  " t u l t "  of' 

energy. 

When i t  i s  a t  t h e  upper mani fo ld ,  t h e  I S U  i s  ''empty" of' 

When charging, c o l d  o i l  i s  removed from t h e  bottom mani fo ld ,  heated, and 

re tu rned  through t h e  upper man i fo ld .  Dur ing charging, t h e  o i l  c i r c u l a t e s  

downward through t h e  bed moving t h e  thermocl ine downward. 

energy, t h e  f l o w  i s  reversed w i t h  h o t  o i l  l e a v i n g  through t h e  upper man i to ld  

and t h e  thermocl ine moves i n  t h e  upward d i r e c t i o n .  The design r a t e d  t o t a l  

thermal capac i t y  of  t h e  7SU i s  170 HWht (560 x 10 

temperature l e v e l s  o f  575°F and 425"F, a l though t h e  a c t u a l  capac i t y  was 

determined t o  be g r e a t e r  (over  200 MWh [663 x 10 Etu] .  See s e c t i o n  3 . 5 ) .  

The p r i n c i p a l  r o l e  o f  t h e  TSU i s  t o  supply heat between 575°F and 425°F t o  

generate steam f o r  ope ra t i ng  t h e  t u r b i n e  a t  7 HW e l e c t r i c a l  power ou tpu t  f o r  a 

pe r iod  of  4 hours. This  requ i res  135 MWh (461 x 10 Btu)  o t  thermal 

energy. N i n e t y - f i v e  percent  i s  d e l i v e r e d  a t  575"F, but ,  as the  thermocl ine 

enters  t h e  mani to ld ,  t h e  temperature i s  a l lowed t o  drop t o  560°F be to re  

t e r m i n a t i o n  o f  o i  1 f l ow .  

When e x t r a c t i n g  

6 B t u ) ,  between 

6 

6 

generate seal  steam a t  approximately 200 p s i a  and 3 

generated by c i r c u l a t i n g  h o t  o i l  f rom t h e  upper man 

in te rmed ia te  man i fo ld  8 f e e t  above t h e  f l o o r  o f  t h e  

man i fo ld  a l  lows the  low energy o i  I i n  t h e  bottom t o  

A f t e r  d i scha rg ing  energy i n  t h e  425°F t o  575°F range, t h e  TSU s t i l l  r e t a i n s  a 

l a r g e  amount o f  thermal energy below 425°F. Th is  energy i s  a v a i l a b l e  t o  

0°F. Seal steam can be 

f o l d  o r  f rom an 

tank.  The in te rmed ia te  

steam 

on o f  

be u t i  l i z e d  f o r  sea 

and warmup w i t h o u t  degrading t h e  high-temperature o i l  i n  t h e  upper p o r t  

the tank.  
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The TSU i s  i n s u l a t e d  w i t h  12 inches o f  f i b e r g l a s s  on t h e  s ides,  24 inches o f  

ca lc ium s i l i c a t e  board on t h e  top,  and i s  supported by 24 inches o f  low d e n s i t y  

i n s u l a t i n g  concrete (no s t e e l  r e i n f o r c i n g )  between t h e  tank bottom and s t r u c -  

t u r a l  foundat ion.  This i n s u l a t i n g  system permi ts  t h e  1SU t o  ho ld  heat  f o r  up 

t o  2 days w i t h  o n l y  a r e l a t i v e l y  smal l  loss.  The design heat l o s s  i s  4 MWh 

(13.6 x 10 Btu)  f o r  a 20 hour pe r iod  when f u l l y  charged o r  approx imate ly  

2-1/2 percent  o f  t h e  des ign r a t e d  ava i  l a b l e  energy, 170 MWh (580 x 10 B t u ) .  

6 

6 

Ca lo r ia  has about a 9 percent  change i n  d e n s i t y  f rom 425OF t o  5 7 5 " F ,  r e q u i r i n g  

t h e  TSU t o  a c t  as an o i l  expansion chamber as w e l l  as t h e  energy r e p o s i t o r y .  

The system must be complete ly  c losed and sealed t o  avo id  damaging t h e  Ca lo r ia  

f rom con tac t  w i t h  a i r .  A smal l  p o s i t i v e  pressure i n  t h e  u l l a g e  space keeps 

a i r  o u t .  The va lue o f  t h e  pressure i s  l i m i t e d  by t h e  vent  va lve  t o  a maximum 

o f  18 i n c h  water  column s ince  t h e  tank i s  n o t  a pressure vessel .  The opera t i ng  

pressure v a r i a t i o n  i s  c o n t r o l l e d  by t h e  u l l a g e  maintenance u n i t ,  which vents 

and pressur izes  t h e  TSU u l l a g e  space t o  r e t a i n  a smal l  p o s i t i v e  pressure o f  

gases d u r i n g  charg ing and e x t r a c t i o n .  The nominal maximum i s  1 1  inches o f  

water,  thus p r o v i d i n g  a margin below t h e  s a f e t y  vent  va'lve s e t t i n g .  

The u l l a g e  maintenance u n i t  (UMU) cons i s t s  o f  a s torage tank t o  c o l l e c t  

condensables discharged f rom t h e  TSU, a f l a r e  s tack t o  burn noncondensables, a 

pump t o  p ressu r i ze  t h e  TSU us ing  l i q u i d  f rom t h e  s torage tank which evaporates 

i n  t h e  TSU, and s u i t a b  e c o n t r o l s .  A backup gaseous n i t r o g e n  system i s  a l s o  

prov ided f o r  sa fe ty .  

1.3 Flow Measurement 

By design, So la r  One does n o t  have e x p l i c i t  f l o w  measurements f o r  a l l  

s i g n i f i c a n t  f l o w  paths.  As a r e s u l t ,  t h e  values o f  water  and steam t lows 

13 



through many paths which i n f l u e n c e  p l a n t  performance a re  unknown o r  a t  bes t  

can on ly  be i n f e r r e d  from o t h e r  f l o w  measurements. 

t h e  p r o j e c t ,  t h i s  approach was approved based on cos t  cons idera t ions  and t h e  

f a c t  t h a t  some f lows could be reasonably deduced based on measured 

parameters. 

measurements are accurate and t h a t  f l o w  paths n o t  intended f o r  opera t ion  a re  

t i g h t l y  shut o f f  and leak f ree .  I n  f a c t  n e i t h e r  o f  these two assumptions 

proved t o  be v a l i d .  Th is  produced subs tan t i a l  unce r ta in t y  regard ing both 

measured and der ived  f l o w  in fo rma t ion  and r e s u l t i n g  i n  s u b s t a n t i a l  data 

s c a t t e r .  

Dur ing t h e  design phase o f  

I m p l i c i t  i n  t h i s  approach are  t h e  assumptions t h a t  e x i s t i n g  f l o w  

Also, i n  o rder  t o  measure f l o w  over  a wide range, t a r g e t  and t u r b i n e  type  

flowmeters were used ex tens i ve l y  i n  t h e  So la r  One design. 

employs a s t r a i n  gage mounted t o  t h e  t a r g e t  s h a f t  which measures t a r g e t  

d e f l e c t i o n .  These meters were employed f o r  bo th  feedwater and steam 

measurements. 

The t a r g e t  meter 

The t a r g e t  meters repeatedly  experienced two types o f  f a i l u r e s  which occurred 

w i t h  g rea te r  frequency i n  steam a p p l i c a t i o n s  (h igh  temperature) than i n  

water.  

f rom t h e  t a r g e t  s h a f t  (which normal ly  r e s u l t e d  i n  a zero f l o w  reading) .  

second t ype  o f  f a i l u r e  invo lved f a i l u r e  o f  t h e  s h a f t  pressure seal  which 

separates t h e  process f l u i d  f rom t h e  e l e c t r o n i c  package ( s t r a i n  gage 

assembly). 

e l e c t r o n i c  p o r t i o n  o f  t h e  meter r e s u l t i n g  i n  i t s  ma l func t ion .  

The f i r s t  t ype  o f  f a i l u r e  invo lved t h e  debonding o f  t h e  s t r a i n  gage 

The 

When t h e  seal  f a i l e d ,  water  and/or steam would migra te  i n t o  t h e  

Other problems which were a l s o  experienced by t h e  t a r g e t  type  flowmeters 

inc luded s t r a i n  gage ou tpu t  s igna l  d r i f t  w i t h  meter temperature, bent t a r g e t  

14 



shaf ts  due t o  f l o w  surges and f a i l e d  check valves, and t a r g e t  misal ignment 

which r e s u l t e d  i n  i n t e r f e r e n c e  between t h e  t a r g e t  and w a l l .  Th is  l a t t e r  

problem caused t h e  f l o w  s i g n a l  t o  appear t o  l1st ick l8  i n  p lace.  

t a r g e t  t ype  meters y ie lded  marginal  r e s u l t s  as f a r  as p r o v i d i n g  data f o r  

c o n t r o l  systems and engineer ing evaluat ions.  They proved t o  be h i g h  

maintenance i tems w i t h  l i m i t e d  l i f e t i m e s ,  e s p e c i a l l y  when used t o  measure 

steam f lows. 

I n  general ,  

Turbine t ype  f lowmeters were used w i t h  good success i n  t h e  thermal storage 

charg ing and e x t r a c t i o n  o i l  systems. I n  t h i s  serv ice,  t hey  were exposed t o  

h o t  C a l o r i a  a t  charging and e x t r a c t i o n  o i l  temperatures o f  4 2 5 O F  and 5 7 S o F ,  

r e s p e c t i v e l y .  Based on t h e i r  successful  use i n  t h e  thermal s torage o i l  

systems, and on adve r t i sed  c a p a b i l i t y  f o r  measuring steam f low,  t u r b i n e  type 

f lowmeters were i n s t a l l e d  i n  t h e  thermal storage charg ing steam system. 

Experience showed t h a t  t h e  t u r b i n e  wheels and suppor t ing s t r u c t u r e  were f a r  

t o o  d e l i c a t e  t o  su rv i ve  i n  t h e  h i g h l y  t u r b u l e n t  steam f l o w  c o n d i t i o n  o r  t o  

w i ths tand  h i g h  v e l o c i t y  water d r o p l e t s  which pass through t h e  l i n e s  d u r i n g  t h e  

i n i t i a l  heat up per iod.  Dur ing warmup, care was exerc ised t o  open a l l  

a v a i l a b l e  charging steam l i n e  d ra ins .  However, remaining mo is tu re  d r o p l e t s  

s t i l l  seemed t o  cause impact damage t o  t h e  t u r b i n e  wheels and support  

s t r u c t u r e .  

would o n l y  t y p i c a l l y  s u r v i v e  i n  a f u n c t i o n a l  s t a t e  f o r  anywhere from hours t o  

days. 

The n e t  r e s u l t  was t h a t  t h e  charg ing steam t u r b i n e  f lowmeters 



Sect ion 2 

MODE 5 (CHARGING ONLY) 

Dur ing Mode 5 (Charging Only) operat ion,  t h e  p l a n t  i s  operated i n  a "sun 

f o l l o w i n g "  c o n t r o l  s t ra tegy  under manual c o n t r o l .  A1 1 o f  t h e  r e c e i v e r  steam 

f lows t o  t h e  thermal storage charg ing heat  exchangers t o  heat t h e  Thermal 

Storage Uni t  o i l .  

f l u c t u a t e  s i g n i f i c a n t l y  depending on t h e  amount o f  thermal ( s o l a r )  power 

suppl ied t o  t h e  p l a n t .  Operator c o n t r o l  over i n p u t  power i s  l i m i t e d  t o  

commanding se lected h e l i o s t a t s  t o  "Track" o r  "Standby". 

The t o t a l  steam f l o w  and r e s u l t i n g  charge r a t e  may 

2.1 

Mode 5 i s  used whenever i t  i s  des i red  t o  charge thermal s torage w h i l e  a p l a n t  

e l e c t r i c a l  power ou tpu t  i s  n o t  requ i red  ( o r  when p a r t l y  c loudy cond i t ions  

would r e s u l t  i n  severe rece ive r  t rans ien ts ,  thus prec lud ing  Mode 2 

opera t ion) .  

t h e  charg ing process, t h e  rece ive r  steam temperature can be c o n t r o l l e d  t o  a 

660°F o u t l e t  cond i t i on  o r  h ighe r  (as requ i red)  t o  p rov ide  a d d i t i o n a l  c o n t r o l  

margin o r  steam superheat. As i n  t h e  case o f  Mode 4, t h e  energy c o l l e c t i o n  

process i s  l i m i t e d  by t h e  c a p a b i l i t y  o f  t h e  charg ing heat exchangers t o  absorb 

energy. Also, as the  thermal s torage system becomes f u l l y  charged, t h e  

c a p a b i l i t y  o f  t h e  equipment t o  absorb energy goes t o  zero. 

i s  requ i red  t o  reduce t h e  l e v e l  o f  energy i n p u t  o r  i n i t i a t e  opera t ion  i n  

another opera t ing  mode t o  prevent  a p l a n t  t r i p  f rom occur r ing .  

components, f lowpaths,  and process sensors associated w i t h  t h i s  opera t ing  mode 

are  h i g h l i g h t e d  i n  Figures 2.1 and 2.2. 

Summary o f  Mode 5 Operat ion 

Since i t  i s  no t  necessary t o  p rov ide  h igh  temperature steam f o r  

An opera tor  a c t i o n  

The p r i n c i p a l  

By design, Mode 5 opera t ion  can u t i l i z e  one o r  bo th  thermal storage charging 

t r a i n s  s imultaneously.  The number o f  charg ing t r a i n s  se lec ted  depends on t h e  

16 
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a b i l i t y  o f  t h e  charg ing system t o  accept 100 percent  o f  t h e  c u r r e n t  r e c e i v e r  

steam outpu t  w h i l e  p r o v i d i n g  f o r  t h e  des i red  turndown i n  response t o  r e c e i v e r  

t r a n s i e n t s .  I n i t i a l l y ,  each charg ing t r a i n  was s ized  t o  accommodate 50 

percent  o f  t h e  des ign p o i n t  r e c e i v e r  f low.  Dur ing t h e  course o t  t h e  t e s t  

program, t h e  f l o w  capac i ty  o f  t h e  c r i t i c a l  thermal s torage condensate d r a i n  

valves (PV 3110 and PV 3111) was increased t o  p rov ide  a h ighe r  t r a i n  steam 

s ide  f l o w  c a p a b i l i t y .  Combining t h i s  hardware m o d i f i c a t i o n  w i t h  t h e  f a c t  t h a t  

no o i l - s i d e  heat  exchanger tube f o u l i n g  was ev iden t  and t h a t  t h e  Ca lo r ia  was 

r o u t i n e l y  exerc ised through a l a r g e r  temperature d i f t e r e n t i a l  than t h e  

o r i g i n a l  des ign va lue o f  15O0F, i t  was found t h a t  i n  most cases each charg ing 

t r a i n  cou ld  accommodate 100 percent  o f  t h e  a v a i l a b l e  r e c e i v e r  f l o w .  As a 

r e s u l t ,  s i n g l e  t r a i n  charg ing opera t ion  du r ing  Mode 5 opera t ion  ( a l s o  d u r i n g  

Mode 4 opera t ion)  became t h e  p r e f e r r e d  opera t ing  approach. 

Several o t h e r  f a c t o r s  f u r t h e r  enhanced t h i s  approach o t  us ing  a s i n g l e  

charg ing t r a i n  du r ing  any t ype  o f  charg ing opera t ion .  F i r s t ,  t h e  d e s i r e  t o  

min imize p l a n t  p a r a s i t i c  power demands favored t h e  use o f  a s i n g l e  t r a i n .  

Second, equipment opera t ing  problems associated w i t h  t h e  v a r i a b l e  speed 

charg ing o i l  pump power i n v e r t e r s ,  o i l  s i de  heat  exchanger f l ange  leaks, and 

tubesheet leaks  sometimes r e s u l t e d  i n  one o f  t h e  two charg ing t r a i n s  be ing  o u t  

o f  serv ice .  Th i rd ,  t h e  added complex i ty  o f  opera t ing  bo th  charg ing t r a i n s  

s imul taneously  increased t h e  burdens of t h e  P l a n t  Equipment Operator w i t h  

"outdoor"  equipment s t a r t u p  and maintenance r e s p o n s i b i l i t i e s  and t h e  Cont ro l  

Operator respons ib le  f o r  opera t ion  f rom t h e  c o n t r o l  room. The c o n t r o l  room 

issues i nvo lved  i n s u t f i c i e n t  v i s i b i l i t y  o f  t h e  a d d i t i o n a l  charg ing t r a i n  due 

t o  t h e  l i m i t e d  number o f  c o n t r o l  room d i s p l a y  te rm ina ls  ( f o u r  Subsystem 

D i s t r i b u t e d  Process C o n t r o l l e r  CRT opera tor  s t a t i o n s ) .  



Turndown o f  t h e  charging system was a l s o  an i ssue  d u r i n g  Mode 5 t e s t  

operat ion,  p a r t i c u l a r l y  du r ing  p a r t l y  c loudy per iods.  The use, whenever 

poss ib le ,  o f  a s i n g l e  charging t r a i n  r e s u l t e d  i n  t h e  g rea tes t  turndown 

f l e x i b i l i t y  i n  t h e  event of c loud passage. 

t r a i n  operat ion requ i red  t h a t  a t  some p o i n t  one o f  t h e  two t r a i n s  be shutdown 

due t o  low f lows.  As charging steam f l o w  recovered, t h e  second charging t r a i n  

would have t o  be r e s t a r t e d  t o  accept i t s  assigned p o r t i o n  o f  t h e  f l ow .  

Experience showed t h a t  t h i s  r e s t a r t  requ i red  tens o f  minutes, c l e a r l y  

incompat ib le  w i t h  t h e  r e c e i v e r  ope ra t i on  which could c y c l e  between low and 

h igh  f lows i n  a ma t te r  o f  seconds d u r i n g  c loud passage. 

By con t ras t ,  turndown d u r i n g  two 

2.1.1 Mode 5 Contro l  

Contro l  o f  steam f l o w  i n t o  t h e  thermal s torage system i s  provided by t h e  main 

steam i n l e t  c o n t r o l  va lve (UV 3102). The main steam i n l e t  c o n t r o l  va lve can 

be operat ing i n  any o f  f o u r  c o n t r o l  modes depending on t h e  des i red p l a n t  

operat ing mode. The f o u r  c o n t r o l  modes a r e  f l o w  c o n t r o l ,  pressure c o n t r o l  

( r e c e i v e r  o u t l e t ) ,  t u r b i n e  e l e c t r i c a l  load c o n t r o l  o r  TSS charging system 

i n l e t  pressure c o n t r o l .  

I n  t h e  f l o w  c o n t r o l  mode, t h e  main i n l e t  va lve i s  used t o  c o n t r o l  a des i red 

f l o w r a t e  i n t o  t h e  charging system and i s  used d u r i n g  TSS s t a r t u p  and du r ing  

mode t r a n s i t i o n s  such as f rom Mode 1 t o  Mode 2 or Mode 5 t o  Mode 2. The f l o w  

loop feedback measurement can be se lected from one o f  3 p o s s i b l e  f lowmeter 

arrangements; F I  3102 - main steam i n l e t  f low,  F I  3106 - main steam p l u s  

desuperheater spray water f low,  o r  F I  3102A - charging t r a i n  steam f l o w  f o r  

one o r  both t r a i n s  ( F I  3205, F 1  3305) as backup f o r  f a i l u r e  o f  FI 3102 o r  F 1  

3106. I n  t h e  pressure c o n t r o l  mode t h e  r e c e i v e r  o u t l e t  pressure i s  c o n t r o l l e d  

by sensing t h e  pressure ( P I  1001) a t  t h e  bottom o f  t h e  downcomer l i n e  near the  
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steam dump valve.  l h i s  c o n t r o l  mode i s  used when t h e  steam dump system i s  o u t  

o f  s e r v i c e  ( i - e . ,  i n  o v e r r i d e  mode) f o r  c o n t r o l  i n  Mode 5 o r  d u r i n g  

t r a n s i t i o n s  t o  o r  from Mode 5. 

Con t ro l  o f  t h e  temperature o f  t h e  steam i n t o  t h e  two 'TSS charg ing t r a i n s  i s  

prov ided by spray ing condensate f rom t h e  RS feedwater pump i n t o  t h e  TSS main 

steam i n l e t  l i n e  desuperheater. The water f l o w  necessary t o  ma in ta in  a steady 

s t a t e  desuperheater o u t l e t  temperature i s  c a l c u l a t e d  from t h e  enthalpy 

r e l a t i o n s h i p s  f o r  t h e  main i n l e t  steam f l o w  and desuperheater i n l e t  pressure 

(PI 3104) so t h a t  t he  s e t p o i n t  i s  always approximately 60°F above t h e  steam 

s a t u r a t i o n  temperature (650°F maximum). 

The TSS i n l e t  pressure t o  each o f  t h e  two charg ing t r a i n  condensers i s  

c o n t r o l l e d  by modulat ing t h e  condensate d r a i n  valves (PV 3110 and PV 3111) 

located between t h e  TSS subcoolers and t h e  TSS f l a s h  tank. Redundant pressure 

measurements i n  each t r a i n  a r e  h igh-se lected ( f o r  r e l i a b i l i t y )  and compared t o  

t h e  pressure s e t p o i n t .  

below t h e  commanded steam dump system pressure. As t h e  r e c e i v e r  o u t l e t  

pressure va r ies ,  t h e  condenser pressure s e t p o i n t  w i l l  a u t o m a t i c a l l y  t r a c k  i t  

t o  ma in ta in  a d i f f e r e n t i a l  pressure across t h e  main steam i n l e t  valve,  UV 

3102, o f  100 p s i .  For dua'l t r a i n  operat ion,  a s i n g l e  pressure c o n t r o l  l e r  i s  

used t o  c o n t r o l  both d r a i n  va'lves t o  prevent  coup l i ng  between t h e  t w o  valves.  

(Th is  c o n f i g u r a t i o n  was es tab l i shed  d u r i n g  t h e  Mode 5 t e s t  program.) 

The condenser pressure s e t p o i n t  i s  maintained 700 p s i  

The o i l  temperature a t  t h e  o u t l e t  o f  each o f  t h e  2 charging t r a i n s  i s  

c o n t r o l l e d  by va ry ing  t h e  o i l  f l o w r a t e  through each charg ing condenser by 

modulat ion o f  t h e  temperature c o n t r o l  valves TV 3411 ( T r a i n  1) and TV 3410 



( T r a i n  2 ) .  The o u t l e t  o i l  temperature i s  f i x e d  a t  a value equal t o  t h e  o i l  

temperature s e t p o i n t  o f  5 7 O O F  over t h e  range o f  i n l e t  o i l  temperatures f rom 

260°F t o  425°F. 

The TSS charging o i l  pump f o r  each t r a i n  i s  s laved t o  t h e  commanded o i l  

temperature c o n t r o l  va lve p o s i t i o n .  The speed o f  t h e  pump i s  va r ied  t o  

ma in ta in  a d i f f e r e n t i a l  pressure across t h e  va lve such t h a t  t h e  commanded 

va lve p o s i t i o n  i s  maintained a t  70 percent  open ( t h e  s e t p o i n t  equals 30 

percent  s ince t h e  o i l  temperature va lve i s  a f a i l - open  va l ve ) .  

requ i red  turndown i n  o i l  f l o w r a t e  t h e  o i l  pump speed w i l l  decrease u n t i l  t h e  

minimum pump speed i s  reached. A t  t h i s  t ime  t h e  o i l  temperature c o n t r o l  va lve 

w i l l  begin c l o s i n g  down from t h e  70 percent  open command p o s i t i o n  t o  prov ide 

t h e  remaining turndown i n  o i l  f l owra te .  

To prov ide the  

2.1.2 Mode 5 I n i t i a t i o n  

Mode 5 operat ion i s  t y p i c a l l y  i n i t i a t e d  by a t r a n s i t i o n  f rom steam dump 

operat ion,  a l though t r a n s i t i o n s  f rom Mode 2 o r  Mode 4 a r e  a l s o  poss ib le .  

sequence o f  events and equipment ope ra t i on  were developed d u r i n g  t h e  Mode 5 

t e s t  program. Thermal storage charging system s t a r t u p  and Mode 5 operat ion 

may be i n i t i a t e d  by Subsystem D i s t r i b u t e d  Process Contro l  (SDPC) automation 

sequences and t h e  t r a n s i t i o n  from steam dump opera t i on  t o  Mode 5 may a l s o  be 

accomplished under Operat ional  Contro l  System (OCS) superv isory c o n t r o l .  

The automation sequences f o r  s t a r t i n g  and stopping t h e  TSS charging t r a i n s  a re  

both mechanized. 

temperature c o n t r o l l e r s ,  t h e  o i l  pump speed c o n t r o l l e r s ,  t h e  TSS condenser 

pressure c o n t r o l l e r s ,  and p rov ide  commands t o  t h e  I n t e r l o c k  Logic System ( I L S )  

t o  a l i g n  t h e  TSU mani fo ld  v a l v i n g  and steam block valves. The o i l  

temperature c o n t r o l l e r  i s  s e t  t o  manual and t h e  temperature c o n t r o l  va lve i s  

The 

The t r a i n  s t a r t  sequence i s  used t o  a l i g n  t h e  o i l  

22 



open 70 percent.  The charg ing  o i l  pump i s  s e t  t o  r u n  a t  minimum speed, t h e  

condenser pressure c o n t r o l l e r  i s  s e t  t o  auto, and t h e  I L S  i s  commanded t o  open 

t h e  midd le  man i fo ld  o f  t h e  TSU tank .  The midd le  man i fo ld  ot t h e  tank i s  open 

t o  p e r m i t  c i r c u l a t i o n  o f  " co ld "  o i  I through t h e  charg ing  heat exchangers 

d u r i n g  t h e  s t a r t u p  p e r i o d  w i t h o u t  adding "co ld "  o i l  t o  t h e  t o p  o t  t h e  7SU. 

. The charg ing  o i l  pumps a r e  s t a r t e d  a minimum o f  20  minutes p r i o r  t o  i n i t i a t i o n  

o f  steam f l o w  t o  t h e  charg ing  t r a i n s  t o  a l l o w  warmup o f  t h e  condensers such 

t h a t  t h e  temperature d i f f e r e n t i a l  between i n l e t  steam and o u t l e t  o i l  i s  

minimized t o  reduce heat exchanger thermal "shock." 

Two minutes a f t e r  i n i t i a t i n g  t h e  s t a r t  sequence, t h e  o i l  pump speed i s  

increased and when o i l  f l o w  exceeds 130KLBH, t h e  o i l  f l o w  loop i s  p u t  i n t o  

au to  w i t h  a s e t p o i n t  o f  200KLBH and t h e  o i l  pump c o n t r o l l e r  i s  p u t  i n t o  auto. 

Twenty minutes a f t e r  i n i t i a t i n g  t h e  s t a r t  sequence, t h e  "Enable" sw i t ch  i s  s e t  

and a s i g n a l  i s  sent t o  I L S  t o  open t h e  steam b lock  va lve  (3206/3306) .  A t  

t h i s  t ime, i f  steam cond i t i ons  a re  c o r r e c t ,  au to  p r e s s u r i z a t i o n  o f  t h e  

charg ing  t r a i n ( s )  may be i n i t i a t e d .  Although r e c e i v e r  steam temperature 

s e t p o i n t s  o f  660°F and 960°F were t h e  bounds o f  t h e  Mode 5 design range, 

t y p i c a l  Mode 5 ope ra t i ng  c o n d i t i o n s  were w i t h i n  a range o f  775°F t o  850°F. 

The lower temperatures helped t o  minimize r e c e i v e r  energy losses w h i l e  s t i l l  

ma in ta in ing  adequate superheat margin f o r  c loud  t r a n s i e n t  opera t ion .  

For Mode 5 ope ra t i on  a t  t o t a l  r e c e i v e r  f ows exceeding 90 KLBH, two charg ing  

t r a i n s  a re  requ i red .  Therefore,  i f  f l o w  c o n d i t i o n s  a re  expected t o  exceed 

t h i s  value f o l l o w i n g  s ta r tup ,  two t r a i n s  must be s t a r t e d  and simultaneously 

p ressur ized .  The charg ing  t r a i n  i n l e t  steam valves (3206/3306)  a re  n o t  

modulat ing valves,  t he re fo re ,  t o  prevent severe pressure t r a n s i e n t s  when t h e  

valves a re  opened, a d i f f e r e n t i a l  pressure l i m i t  (across t h e  va lves)  o t  100 



p s i  p r i o r  t o  va lve opening was es tab l i shed.  

charg ing t r a i n  a f t e r  t h e  f i r s t  one has been pressur ized.  

pressure range o f  7 5 0  - 1000 p s i  was es tab l i shed as t h e  i n i t i a l  c o n d i t i o n  f o r  

c ha r g  i ng t r a i  n pres su r i  za t i on. 

This  precludes s t a r t i n g  a second 

A rece ive r  downcomer 

Once t h e  auto p ressu r i za t i on  sequence has been i n i t i a t e d ,  d i g i t a l  l o g i c  s lowly  

ramps up t h e  TSS i n l e t  pressure by g radua l l y  opening UV 3102 a t  a r a t e  of 30 

p s i g  pe r  minute. 

r e c e i v e r  o u t l e t  pressure t h e  p r e s s u r i z a t i o n  sequence au tomat i ca l l y  stops and 

UV 3102 i s  switched t o  f l o w  c o n t r o l .  The p r e s s u r i z a t i o n  sequence can a l s o  be 

stopped a t  any t ime  by d i s a b l i n g  a d i g i t a l  switch.  The sequence w i l l  a l s o  be 

ha l ted  i f  any o f  t h e  o the r  UV 3102 c o n t r o l  modes, i .e . ,  f l o w  c o n t r o l ,  pressure 

c o n t r o l  o r  load c o n t r o l  a re  enabled. The slow r a t e  o f  p r e s s u r i z a t i o n  was 

es tab l i shed t o  minimize t h e  e f f e c t s  o f  thermal "shock" on t h e  condensers. 

P ressu r i za t i on  o f  t h e  t r a i n s  w i l l  r e s u l t  i n  an increase i n  condenser o i l  

o u t l e t  temperatures due t o  t h e  charg ing steam f low.  When t h e  o i l  temperatures 

increase t o  5OO0F, a s igna l  i s  sent  t o  I L S  t o  rou te  o i l  f l o w  t o  t h e  TSU t o p  

mani fo ld .  When the  o i l  temperatures increase t o  57OoF, t h e  o i l  temperature 

c o n t r o l l e r s  sw i tch  t o  auto.  If  t h e  o i l  temperatures drop t o  540°F o r  less  due 

t o  a c loud t rans ien t ,  t h e  o i l  f lows a re  reduced t o  a minimum o f  100 KLBH u n t i l  

t h e  o i l  temperatures increase t o  570°F. 

When t h e  TSS charge i n l e t  pressure i s  w i t h i n  200 p s i  o f  t h e  

To e s t a b l i s h  Mode 5 pressure c o n t r o l ,  t h e  UV 3102 c o n t r o l l e r  i s  p laced i n t o  

manual.and t h e  steam dump system pressure s e t p o i n t  i s  increased t o  1400 P S I .  

UV 3102 i s  then g radua l l y  opened u n t i l  t h e  steam dump va lve  (PV 1001) i s  f u l l y  

c losed and then UV 3102 i s  placed i n t o  t h e  pressure c o n t r o l  mode a t  1400 P S I .  

The steam dump pressure s e t p o i n t  i s  then increased t o  1420 p s i  t o  ma in ta in  PV 

1001 closed. 
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2.1.3 Mode 5 Terminat ion 

The charg ing  t r a i n s  can be stopped (Mode 5 Terminat ion) by enab l ing  t h e  charge 

t r a i n  Stop sw i t ch  t o  t h e  Stop p o s i t i o n .  Th is  sends a command t o  I L S  t o  c lose  

t h e  steam b lock  va lve  (3206/3306). I L S  subsequently p rov ides  a permiss ive  t o  

a l l o w  t h e  charge Shutdown sequence t o  ramp t h e  TSS main steam i n l e t  va lve,  UV 

3102, c losed a t  a r a t e  p r o v i d i n g  1000 ps i /m in  pressure decay. Th is  c loses o f f  

steam f l o w  t o  t h e  t r a i n ( s )  reducing t h e  charg ing  o i l  temperature. When t h e  

o i l  temperature drops below 540°F ( T r a i n  1 )  o r  536°F ( T r a i n  2) t h e  o i l  tempera- 

t u r e  va l ve  i s  commanded 70 percent  open, t h e  o i l  pump speed c o n t r o l l e r  i s  p u t  

i n  Manual and a s i g n a l  i s  sen t  t o  ILS t o  s top  t h e  o i l  pump (P301/P302) and 

c l o s e  t h e  TSU man i fo ld  valves (which concludes t h e  Mode 5 shutdown sequence). 

A s i n g l e  charge t r a i n  may be shutdown, w h i l e  i n  2 - t r a i n  opera t ion ,  by manual ly 

c l o s i n g  i t s  steam i n l e t  va lve .  The o i l  system f o r  t h a t  t r a i n  w i l l  then  

shutdown as descr ibed above. Th is  permi ts  charg ing  t u r n  down as t h e  t o t a l  

r e c e i v e r  f l o w  decreases below t h e  90 KLBH 1 - t r a i n  steam f l o w  l i m i t .  

As t h e  steam f l o w  t o  t h e  charging system i s  shutdown, t h e  steam dump vaIve ( P V  

1001) w i l l  a u t o m a t i c a l l y  open t o  accept t h e  r e c e i v e r  f l o w  no t  rou ted  t o  t h e  

TSS. Once UV 3102 i s  completely c'losed, t h e  t r a n s i t i o n  f rom Mode 5 t o  steam 

dump opera t i on  i s  complete. 

2.2 Mode 5 Test Goals and Ob jec t ives  

The goals and o b j e c t i v e s  o f  t h e  Mode 5 t e s t  program were t o  ga the r  t e s t  da ta  

i n  t h r e e  areas o f  p l a n t  ope ra t i on  f o r  subsequent a n a l y s i s  and comparison t o  

design requirements as w e l l  as t o  p rov ide  recommendations f o r  o v e r a l l  p l a n t  

ope ra t i on  ( s p e c i f i c  ope ra t i ng  c o n d i t i o n s  w i t h i n  t h e  Mode o r  Mode-to-Mode 

performance comparisons). The t h r e e  areas were steady-state opera t ion ,  

s ta r t -up  and t r a n s i t i o n s ,  and t r i p s .  

25 



2.2.1 Steady-State Operat ion 

The goal o f  t h e  steady-state ope ra t i ona l  t e s t i n g  i nvo l ved  ga the r ing  s u f f i c i e n t  

data i n  o rde r  t o  make Mode 5 performance est imates.  

gather  performance-related data over a range o f  p l a n t  ope ra t i ng  cond i t i ons ,  

sub jec t  t o  reasonable p l a n t  ope ra t i ng  l i m i t s ,  i n  order  t o  i d e n t i f y  any 

f i r s t - o r d e r  s e n s i t i v i t i e s .  

make comparisons between Mode 5 and o t h e r  ope ra t i ng  modes as w e l l  as 

i d e n t i f y i n g  t h e  p r e f e r r e d  Mode 5 operat ing cond i t i ons .  

t r a i n  t e s t s  were conducted, i n c l u d i n g  a determinat ion o f  t h e  maximum f l o w  

cond i t i ons  (charging r a t e s )  f o r  s i n g l e  t r a i n  operat ion.  

Attempts were made t o  

Measured performance values could then be used t o  

Both s i n g l e  and dual 

2.2.2 Star t -up and T rans i t i ons  

The goal o f  Mode 5 s ta r t -up  t e s t s  was t o  develop an opera t i ona l  t i m e l i n e ,  

based on equipment ope ra t i ona l  c h a r a c t e r i s t i c s  and l i m i t a t i o n s ,  which would 

minimize t h e  t i m e  requ i red  from establ ishment o f  steam f l o w  through t h e  steam 

dump system t o  steady-state Mode 5 operat ion.  

dual  charging t r a i n  operat ion.  

This i nvo l ved  both s i n g l e  and 

The t r a n s i t i o n  t e s t i n g  i nvo l ved  t r a n s i t i o n s  both t o  and from Mode 5, f rom 

t w o - t r a i n  t o  one- t ra in  operat ion,  and steam f l o w  v a r i a t i o n s  r e s u l t i n g  from s e t  

p o i n t  changes, c o l l e c t o r  f i e l d  modulat ion, o r  as a r e s u l t  o f  n a t u r a l l y  

o c c u r r i n g  (cloud-induced) t r a n s i e n t s  i n  r e c e i v e r  steam. The mode t r a n s i t i o n s  

t o  Mode 5 i nvo l ved  i n i t i a l  ope ra t i on  i n  e i t h e r  Mode 4 ( i n - l i n e  f l ow)  o r  Mode 2 

( t u r b i n e  d i r e c t  and charging) and s h u t t i n g  down t h e  thermal storage e x t r a c t i o n  

system o r  t u r b i n e  operat ion on main steam, r e s p e c t i v e l y ,  reach Mode 5. The 

t r a n s i t i o n s  f rom Mode 5 i nvo l ved  s h u t t i n g  down t h e  thermal storage charging 

system t o  r e t u r n  t o  steam dump system operat ion.  
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Transition testing within Mode 5 involved varying the quantity of receiver 

steam to the charging system by increasing or reducing the number of 

heliostats tracking the receiver or by allowing the charging system to absorb 

all the available receiver steam with its naturally occurring 

(cloud/insolation) transients. 

insight into the overall plant response and controllability as well as 

identifying operational thresholds and limitations of individual components 

and systems. 

The objectives of these tests were to gain 

The critical mode transition issues involved demonstrating the necessary 

manual operation sequences (through the Subsystem Distributed Process Control 

system) and developing timeline data which could be used in the evaluation of  

Mode 5. 

automatic control sequences which were initiated and controlled by the 

Operational Control System (OCS) to accomplish transitions to or from Mode 5. 

It was beyond the scope of the Mode 5 test program to test any 

2.2.3 Trips 

The goal of the tr 

operate in a lower 

p evaluation was to verify that the p 

level mode following a trip condition 

charging train during dual train operation should result 

ant would continue to 

A trip of  a single 

in continued Mode 5 

operation whereas a TSS trip should result in a transition to steam dump 

operation. In the event of a receiver trip during Mode 5 operation, both the 

charging system and the receiver should shutdown resulting in a non-operating 

plant. 

2.3 Mode 5 Design Summary 

Before discussing plant test results for Mode 5 operation, a review o f  the 

basic operating range and performance predictions (which were developed as 



p a r t  o f  t h e  i n i t i a l  p l a n t  s i z i n g  and o v e r a l l  design a c t i v i t i e s )  w i l l  be 

provided. 

a c t u a l  operat ing data and t o  i d e n t i f y  areas o f  discrepancy o r  u n c e r t a i n t y .  

The Mode 5 design summary addresses t h e  water/steam and thermal storage o i l  

p o r t i o n s  o f  t he  p l a n t .  D e t a i l s  i n v o l v i n g  t h e  i n d i v i d u a l  performance f a c t o r s  

associated w i t h  t h e  c o l l e c t o r  f i e l d  and r e c e i v e r  and d iscrepancies between 

a c t u a l  experience and design values were documented i n  Reference 2 and w i l l  

n o t  be repeated here. 

With t h i s  in format ion,  i t  i s  poss ib le  t o  make d i r e c t  comparisons t o  

The o v e r a l l  design operat ing envelope f o r  Mode 5 ope ra t i on  i s  shown i n  F igure 

2.3. The s o l i d  l i n e s  represent design boundaries f o r  t h e  p l a n t  which r e f l e c t  

design operat ing l i m i t s  f o r  i n d i v i d u a l  p l a n t  systems. The v e r t i c a l  l i n e  a t  

t h e  l e f t  s i de  o f  t h e  f i g u r e  ( r e c e i v e r  steam f l o w  o f  30,000 l b / h r )  represents 

t h e  lower steady-state l i m i t  f o r  r e c e i v e r  operat ion.  The diagonal  s o l i d  l i n e  

a t  t h e  r i g h t  i s  t h e  r e c e i v e r  f l o w  corresponding t o  t h e  maximum design f l o w  o f  

t h e  charging heat exchangers (131,000 LBH). The heat exchanger f l o w  i s  t h e  

r e c e i v e r  f low minus a u x i l i a r y  steam f l o w  p l u s  t h e  desuperheater spray water 

f l ow .  The upper and lower h o r i z o n t a l  l i n e s  correspond t o  t h e  maximum and 

minimum ( r e s p e c t i v e l y )  r e c e i v e r  steam temperature se tpo in ts .  

The charging steam operat ing envelope (downstream o f  t h e  desuperheater, 

upstream o f  t h e  heat exchangers) i s  shown i n  F igure 2.4. The operat ing 

envelope represents system operat ing l i m i t s  f o r  t h e  rece ive r ,  t h e  heat 

exchangers and t h e  desuperheater. The minimum pressure (1335 p s i a )  

corresponds t o  a steam condensing temperature o f  580°F ( t h e  design charging 

o u t l e t  o i l  temperature) w h i l e  t h e  maximum pressure (1500 p s i a )  i s  r e l a t e d  t o  

t h e  maximum rece ive r  operat ing pressure. 

(68OOF) i s  based on t h e  maximum ( t r a n s i e n t )  temperature t h a t  w i l l  n o t  cause 

The maximum steam temperature 
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heat  t r a n s f e r  f l u i d  ( o i l )  d e t e r i o r a t i o n ,  w h i l e  t h e  minimum steam temperature 

corresponds t o  a temperature j u s t  above s a t u r a t i o n  temperature a t  t h e  

opera t i ng  pressures. 

envelope corresponds t o  a minimum p i n c h  p o i n t  (see F igu re  2.5) o f  

approximately 10°F, w h i l e  t h e  diagonal  l i n e  a t  t h e  upper r i g h t  corresponds t o  

a c o n t r o l  margin l i m i t .  

The diagonal  l i n e  a t  t h e  lower l e f t  o f  t h e  opera t i ng  

D e t a i l e d  design data i n v o l v i n g  s t a t e  p o i n t  c o n d i t i o n s  a t  var ious l o c a t i o n s  

around t h e  water/steam and charg ing o i l  systems a r e  shown i n  F igu re  2.6. The 

data contained i n  F igu re  2.6 (a  and b) represent  t h e  p r e d i c t e d  p l a n t  ope ra t i ng  

c h a r a c t e r i s t i c s  a t  maximum charging steam f l o w r a t e .  The l o c a t i o n  w i t h i n  t h e  

o v e r a l l  Mode 5 ope ra t i ng  envelope f o r  t h i s  design case i s  shown i n  F igu re  2.3 

( r e f e r r e d  t o  as Mode 5-1). 

corresponds t o  a r e c e i v e r  ope ra t i ng  c o n d i t i o n  ( s e t  p o i n t s )  o f  66OOF and 1450 

p s i  a t  t h e  c o n t r o l  p o i n t  l oca t i ons .  

It should be noted t h a t  t h i s  design data case 

An a d d i t i o n a l  aspect o f  t h e  S o l a r  One p l a n t  design i n v o l v e s  t h e  thermal 

s torage f l a s h  tank heat recovery system. A schematic rep resen ta t i on  o f  t h e  

major f l o w  paths, system components, and c o n t r o l  valves i s  shown i n  F igure 

2.7. High temperature, h i g h  pressure condensate enters  t h e  thermal storage 

f l a s h  tank from t h e  charging heat exchangers ( t o p  l e f t  s i d e  o f  t h e  f i g u r e )  by 

f l a s h i n g  i n t o  a water/steam m i x t u r e  across pressure c o n t r o l  va l ve  P V  3110 ( o r  

P V  3111). The purpose o f  t h e  heat  recovery equipment i s  t o  r e t a i n  t h e  f l a s h  

tank discharge f l ows  (steam and condensate) i n  t h e  feedwater system thereby 

e l i m i n a t i n g  t h e  heat r e j e c t i o n  and corresponding l o s s  o f  performance i f  t h e  

f l ows  were routed d i r e c t l y  t o  t h e  condenser. The heat  recovery i s  

accomplished by r o u t i n g  t h e  f l a s h  tank condensate discharge t o  t h e  s h e l l s i d e  

of t h e  second p o i n t  heater  through L V  748. F lash tank steam i s  d i r e c t e d  t o  

t h e  deaerator  through PV 647C. 
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During per iods o f  h igh  charging f lows, i n s u f f i c i e n t  steam f l o w  from t h e  f l a s h  

tank may e x i s t  t o  s a t i s f y  t h e  deaerator demand f o r  deaerat ion.  

per iod,  a d d i t i o n a l  a u x i l i a r y  steam i s  provided through PV 647A t o  s a t i s f y  t h i s  

demand. 

f l o w  ( r e c e i v e r  steam) and represents an increment o f  steam f l o w  l o s t  t o  t h e  

thermal storage charging system. 

on charging performance i s  discussed i n  Sect ion 2.5.  

During t h i s  

This a u x i l i a r y  steam i s  drawn d i r e c t l y  f rom t h e  main steam downcomer 

The i n f l u e n c e  o f  these heat recovery paths 

2.4 Test Approach and C r i t i c a l  I ns t rumen ta t i on  

The approach t o  Mode 5 t e s t i n g  i nvo l ved  ga the r ing  s u f f i c i e n t  ope ra t i ona l  data 

such t h a t  both the  steady s t a t e  and t r a n s i t i o n  r e l a t e d  t e s t  o b j e c t i v e s  

descr ibed i n  Sect ion 2.2  could be analyzed. 

operat ing modes was necessa r i l y  l i m i t e d  by o the r  p l a n t  ope ra t i ng  a c t i v i t i e s  

such as t u n i n g  o f  c o n t r o l  systems, developing opera t i ng  procedures, ga the r ing  

t e s t  data i n  o the r  operat ing modes, developing requirements f o r  automatic 

software, and t e s t i n g  p l a n t  automation func t i ons .  Therefore, e f f o r t s  were 

made t o  u t i l i z e  Mode 5 operat ing t ime  as e f f i c i e n t l y  as poss ib le .  

Test t ime  w i t h i n  each o f  t h e  

As  a p r e r e q u i s i t e  t o  any Mode 5 t e s t i n g ,  i t  was d e s i r a b l e  t o  have no more than 

a 50 percent charge i n  t h e  thermal storage tank. A c o l d  o i l  temperature a t  o r  

near t h e  design value o f  425OF was a l s o  d e s i r a b l e  t o  a l l o w  f o r  d i r e c t  data 

comparisons t o  p red ic ted  values w i t h o u t  data adjustments f o r  o f f  design 

operat ing cond i t i ons .  As a r e s u l t ,  p r i o r  t o  any Mode 5 t e s t i n g ,  thermal 

storage discharge operat ion was es tab l i shed  t o  achieve t h i s  des i red s t a t e  o f  

charge. 

As a r e s u l t  o f  t h e  l i m i t e d  t ime s p e c i f i c a l l y  dedicated t o  Mode 5 t e s t i n g ,  t h e  

m a j o r i t y  o f  t h e  t e s t  t ime was spent i n  those areas where t h e  p l a n t  could 
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reasonably be expected t o  operate. 

t h e  use o f  a s i n g l e  charging t r a i n .  

For  Mode 5 operat ion,  t h i s  p r i m a r i l y  meant 

Dedicated t r i p  t e s t i n g  was n o t  c a r r i e d  o u t  as p a r t  o f  Mode 5 t e s t  program due 

t o  o t h e r  p l a n t  operat ing p r i o r i t i e s  and t h e  need t o  ga the r  meaningful Mode 5 

t e s t  data f o r  reasonable t ime  pe r iods  once Mode 5 operat ions were 

establ ished.  Instead, p l a n t  responses were noted d u r i n g  n a t u r a l l y  occu r r i ng  

t r i p s  i n v o l v i n g  Mode 5. These separate t r i p  events inc luded t r i p s  o f  t h e  

thermal storage system (bo th  s i n g l e  and dual  charg ing t r a i n s  s imultaneously)  

and t h e  rece ive r .  I n  t h i s  way a l l  p o s s i b l e  t r i p  t r a n s i t i o n  l o g i c  paths s h o r t  

o f  complete p l a n t  t r i p  were demonstrated by n a t u r a l l y  o c c u r r i n g  events. 

The Mode 5 data base was gathered d u r i n g  20 days o f  p l a n t  ope ra t i on  extending 

f rom January 1983 t o  November 1983. 

ope ra t i on  i n  Mode 5 occurred. This  excludes per iods when t h e  p l a n t  may have 

been b r i e f l y  i n  Mode 5 as p a r t  o f  a t r a n s i t i o n  t o  o t h e r  ope ra t i ng  modes. O f  

t h e  20 opera t i ng  day data base f o r  Mode 5, t h e  m a j o r i t y  o f  t h e  data used for 

t h i s  r e p o r t  were gathered on 9 t e s t  days. The r e j e c t i o n  o f  t h e  remaining 

opera t i ng  days i s  based on t o o  b r i e f  an opera t i ng  p e r i o d  t o  gather  meaningful 

data, c o n t r o l  system t roub leshoo t ing  and t u n i n g  which impacted t h e  

meaningfulness o f  t h e  data, o r  miss ing data due t o  problems w i t h  t h e  Data 

A c q u i s i t i o n  System. The 9 t e s t  days which serve as t h e  bas s o f  t h e  Mode 5 

da ta  base a r e  shown i n  Table 2.1. 

These were days d u r i n g  which dedicated 
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- TABLE 2.1 MODE 5 OPERATING DATA BASE 

DAY OF 
DATE YEAR 

5/19/83 139 

6/4/83 155 

9/16/83 259 

9/23/83 266 

10/11/83 284 

10/12/83 285 

10/13/83 286 

11/2/83 306 

11/29/83 333 

MODE 5 DATA PERIOD COMMENT 
(DATA POINT)  

1 2 ~ 0 0  - 1 2 ~ 0 5  (1) Max charge r a t e  - s ing le  t r a i n  
14~00 - 14:05 (2) 
1 5 ~ 5 0  - 1 5 ~ 5 5  (3) 
1 7 ~ 0 0  - 1 7 ~ 0 5  (4) 
1 7 ~ 5 8  - 18~00 (5) 

11:OO - 1 1 ~ 0 5  (27) 
1 2 ~ 3 0  - 1 2 ~ 3 5  (28) 
13:30 - 1 3 ~ 3 5  (29) 
16:55 - 1 7 ~ 0 0  (30) 

11:OO - 11:05 (17) 
12:OO - 1 2 ~ 0 5  (18) 
1 3 ~ 0 5  - 13:lO (19) 

11:OO - 11:05 (15) 
13:OO - 1 3 ~ 0 5  (16) 
15:OO - 15:05 (20) 
15:30 - 1 5 ~ 3 5  (21) 
12:OO - 1 2 ~ 0 5  (22) 
13:OO - 13:05 (23) 

10:55 - 11:OO (24) 
15:4O - 15:45 (25) 
17:OO - 17:05 (26) 

12:OO - 12:05 (6) 
13:OO - 1 3 ~ 0 5  (7) 
14:OO - 14:05 (8) 
15:OO - 15:05 (9) 
1 5 ~ 5 5  - 16~00 (10) 

0 9 ~ 3 0  - 09:35 ( 1 1 )  
11:OO - 1 1 ~ 0 5  (12) 
13:25 - 13:30 (13) 
1 4 ~ 5 5  - 15:OO (14) 

Single t r a i n  

Dual t r a i n  

Dual t r a i n  

Dual t r a i n  

Dual t r a i n  

Dual t r a i n  

Dual t r a i n  t o  s ing le  t r a i n  

Dual t r a i n  t o  s ing le  t r a i n  
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The critical instrumentation monitored during Mode 5 tests is shown in Figures 

2.1 and 2.2 as appropriate to the indicated "active" flow paths. For 

reference purposes, the following tag identification prefix conventions are 

used in these figures: 

F I  

J I  

JIC 

PCH 

PE 

PI 

PTX 

TEX 

TI 

Flow indication 

Electrical power 

Electrical power 

Pressure indication 

Plant electrical load (power) 

Pressure indication 

Pressure indication 

Temperature indication 

Temperature indication 

The fact that there are multiple designations for temperature indications, 

pressure indications, and electrical power is due to the function being served 

by a particular sensor and the computer system responsible for receiving and 

processing the data. 

From a data quality and measurement accuracy standpoint , it is important to 

understand that Solar One is operated as a utility power plant as opposed to a 

precise laboratory experiment. As a result, the instrumentation used for the 

most part is of the type normally used in the process and utility industries. 

In addition, no dedicated pretest and post-test calibration checks were made 

as would be done in a laboratory experiment to verify the quality of the data 

being recorded. As a result, uncertainties implicitly exist as to the 

absolute and relative accuracy of the data recorded. 
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It should a l s o  be understood t h a t  t h e  e r r o r s  i n  t h e  f i n a l  data a r i s e  n o t  o n l y  

f rom the  sensors themselves b u t  f rom t h e  e n t i r e  data system through which the  

s i g n a l s  must f low.  

t y p i c a l l y  on the  order  of one-half t o  one percent  o f  f u l l  sca le value. By t h e  

t ime  t h e  data s igna ls  a re  t ransmi t ted,  d i g i t i z e d ,  processed, recorded, and 

converted t o  engineer ing u n i t s ,  t h e  accuracy may be more t y p i c a l l y  i n  t h e  2 t o  

2-1/2 percent range (even f o r  p r e c i s e l y  c a l i b r a t e d  i ns t rumen ta t i on ) .  

Components i n  t h e  data system which can c o n t r i b u t e  t o  t h e  o v e r a l l  e r r o r s  a re  

t h e  e x c i t a t i o n  power supplied, s i g n a l  c o n d i t i o n i n g  equipment, and t h e  

a n a l o g - t o - d i g i t a l  converters ( t h e  p r e c i s i o n  o f  t h e  d i g i t a l  system and t h e  

c a l i b r a t i o n  curves used t o  conver t  t h e  d i g i t i z e d  data i n t o  engineer ing 

parameters a re  a l s o  f a c t o r s  i n  e r r o r  c o n t r i b u t i o n ) .  

Most o f  t h e  sensors used i n  t h e  p l a n t  have accuracies 

I m p l i c i t  i n  t h e  above d iscuss ion regard ing data q u a l i t y  and ins t rumen ta t i on  

accuracy i s  t h e  assumption t h a t  t h e  instruments themselves were a b l e  t o  

p rov ide  sensed data a t  t h e i r  adve r t i sed  accuracy. 

measurements, where meter s u r v i v a b i l i t y  became a c r i t i c a l  f a c t o r ,  t h i s  

assumption was n o t  v a l i d .  Steam flowmeters, which a r e  contained i n  both t h e  

thermal storage charging and e x t r a c t i o n  systems, were o r i g i n a l l y  s p e c i f i e d  t o  

have h i g h  turndown measuring c a p a b i l i t i e s  which were compat ib le w i t h  the  

design requirements o f  t h e  charging and e x t r a c t i o n  systems. As a r e s u l t  

f lowmeters o the r  than standard o r i f i c e  p l a t e s  and nozzles were selected. 

I n  t h e  area o f  steam f l o w  

Figure 2.8 shows t h e  i n i t i a l  and f i n a l  c o n f i g u r a t i o n s  o f  t h e  steam f lowmeters 

i n  t h e  thermal storage charging system. O r i g i n a l l y ,  t h e  charging system 

u t i l i z e d  t h r e e  steam flowmeters ( F I  3102, FI 3205, and F13305) and a f o u r t h  

meter ( F I  3105) which monitored desuperheater spray water.  A l l  o f  these 

meters a re  o f  t h e  t a r g e t  type. Flowmeter F I  3102 was intended t o  p rov ide  

c o n t r o l  s i g n a l s  t o  main charging i n l e t  c o n t r o l  va lve (UV 3102) and t h e  spray 
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water va lve (TV 3105)as w e l l  as p rov ide  a measure o f  t o t a l  charging steam 

f l ow .  The i n d i v i d u a l  charging t r a i n  flowmeters ( F I  3205 and F I  3305) w e r e  

inc luded i n i t i a l l y  t o  prov ide engineer ing data f o r  each o f  t h e  charging 

t r a i n s .  

replacements f o r  F I  3102. 

They were l a t e r  used d i r e c t l y  i n  t h e  va lve c o n t r o l  loops as 

t r a  

bas 

Due 

The f a i l u r e  modes of these t a r g e t  meters i nvo l ved  seal  problems (where t h e  

t a r g e t  s h a f t  penetrated i n t o  t h e  steam l i n e )  and debonding o f  t h e  s t r a i n  gauge 

t h a t  measures t a r g e t  d e f l e c t i o n .  These problems occurred most f r e q u e n t l y  w i t h  

t h e  h igh  temperature se rv i ce  associated w i t h  F I  3102 (which i s  located 

upstream of t h e  desuperheater). Those meters associated w i t h  t h e  i n d i v i d u a l  

ns a l s o  experienced s i m i l a r  f a i l u r e  mechanisms, b u t  on a l ess  f requent  

5 .  

t o  t h e  success i n  measuring thermal storage o i l  f lows us ing t u r b i n e  type 

f lowmeters, combined w i t h  manufacturer 's recommendation f o r  use i n  superheated 

steam serv ice,  t h e  charging system was r e t r o f i t t e d  w i t h  t h r e e  t u r b i n e  

f lowmeters as shown i n  F igure 2.8 ( f i n a l  c o n f i g u r a t i o n ) .  These meters 

produced reasonably accurate measurements over t h e  f u l l  ope ra t i ng  ranges 

invo lved .  They proved, however, t o  be very suscep t ib le  t o  damage caused by 

water d r o p l e t  carryover  experienced du r ing  s t a r t u p  as w e l l  as due t o  t h e  

h i g h l y  t u r b u l e n t  environment associated w i t h  h igh  v e l o c i t y  steam. 

showed t h a t  t h e  t u r b i n e  wheel sensing elements surv ived anywhere from hours t o  

days. 

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

Experience 

As a r e s u l t ,  t h e  t u r b i n e  t ype  f lowmeters proved t o  be unacceptable f o r  

A d d i t i o n a l  p lanning and design work was accomplished t o  i n s t a l l  a nozz le 

f lowmeter upstream o f  UV 3102. Although t h i s  proposed meter d i d  n o t  permi t  

t h e  des i red  f l o w  measurement turndown (based on manufacturer 's  
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s p e c i f i c a t i o n s ) ,  i t  was intended t o  ga ther  ope ra t i ona l  experience w i t h  t h i s  

dev ice  and a t tempt  t o  d e f i n e  i t s  maximum c a p a b i l i t y .  l h i s  a c t i v i t y  was placed 

on h o l d  due t o  schedule and budgetary c o n s t r a i n t s .  

The r e c u r r i n g  steam f'lowmeter problems descr ibed above had a de t r imen ta l  

a f f e c t  on t h e  q u a l i t y  o f  Mode 5 da ta  gathered d u r i n g  t h e  t e s t  program. Since 

i t  was t h e  i n t e n t  o f  t h e  p l a n t  design t o  i n f e r  o t h e r  steam f lows based on 

these f l o w  measurements, these ins t rumen ta t i on  problems c a s t  doubt ( f rom an 

eng ineer ing  e v a l u a t i o n  s tandpo in t )  as t o  t h e  a c t u a l  steam f l o w  s p l i t  between 

charging t r a i n s  and t h e  t o t a l  f l o w  t o  thermal s to rage d u r i n g  any one t e s t .  

Th is  made comparisons between exper imental  da ta  and p red ic ted  performance 

d i t f i c u l t .  

I n  ana yz ing  t h e  t e s t  data f o r  t h e  i n d i v i d u a l  ope ra t i ng  modes i n v o l v i n g  the  

therma storage system, t h e  f i r s t  t ask  i nvo l ved  v a l i d a t i o n  o t  t h e  charg ing  

and/or e x t r a c t i o n  energy f lows based on t h e  a l t e r n a t e  f l o w  measurements 

a v a i l a b l e .  Once proper agreements had been es tab l i shed  between t h e  a l t e r n a t e  

measurements, app rop r ia te  p l a n t  and system leve l  performance parameters could 

be c a l c u l a t e d  f o r  comparison aga ins t  p r e d i c t e d  data.  

Once t h e  a c t u a l  steady s t a t e  mode t e s t  data were gathered, i t  was poss ib le  t o  

beg in  t h e  process o f  energy f l o w  c o r r e l a t i o n s  descr ibed above. Modes 4 ,  5 ,  

and 6 were evaluated and t h e  conclusions drawn regard ing  t h e  charging and 

e x t r a c t i o n  system opera t ions  a re  d i r e c t l y  a p p l i c a b l e  t o  t h e  o t h e r  ope ra t i ng  

modes i n v o l v i n g  separate o r  combined charging and e x t r a c t i o n  opera t i on  (Modes 

2, 3, and 7 ) .  See re fe rence 3. 



I n  an eva lua t i on  of  t h e  thermal storage charging system, a c o r r e l a t i o n  should 

e x i s t  between t h e  steam s i d e  and o i l  s i de  thermal power based on t h e  

respec t i ve  steam and o i l  f low measurements (see F igu re  2.9) which were 

"corrected"  based on l o c a l  steam and o i l  d e n s i t i e s .  F igu re  2.10 (reproduced 

from Reference 3 w i t h  Mode 5 data added) shows t h e  q u a l i t y  o f  t h i s  

c o r r e l a t i o n .  Based on t h i s  f i gu re ,  severa l  conclusions can be drawn. F i r s t ,  

t h e  degree o f  data s c a t t e r  shown i n d i c a t e s  t h a t  e i t h e r  t h e  steam s ide  

measurements o r  o i l  s i de  measurements ( o r  both) were h i g h l y  inaccurate.  This 

data s c a t t e r  makes any ca l cu la ted  performance parameters meaningless f o r  

comparative purposes. 

w i t h  steam f lowmeter F I  3102 a r e  unique s ince they  a r e  f a r  removed from t h e  

balance o f  t h e  p l o t t e d  data.  F i n a l l y ,  as a general r u l e ,  t h e  data p o i n t s  

i n d i c a t e  a charging e f f i c i e n c y  o f  g r e a t e r  than 100 percent  (which i s  

p h y s i c a l l y  impossib le) .  This i s  an i n d i c a t i o n  t h a t  e i t h e r  t h e  steam 

measurements ( a l l  t h r e e  meters) were reading low o r  t h e  o i l  f lowmeter was 

reading high. 

The f i g u r e  a l s o  shows t h a t  t h e  data p o i n t s  associated 

An a l t e r n a t e  c o r r e l a t i o n  p l o t ,  a l s o  reproduced from Reference 3 w i t h  Mode 5 

data added, was prepared (F igu re  2.11) which i s  n o t  based on d i r e c t  measures 

o f  charging steam f lows. Instead, ca l cu la ted  a u x i l i a r y  steam f l o w  was 

subtracted from t h e  measured r e c e i v e r  feedwater f l o w  t o  est imate the n e t  

charging steam f l o w  and r e s u l t i n g  steam s i d e  power. The a u x i l i a r y  steam 

demand was ca l cu la ted  based on t h e  commanded p o s i t i o n  f o r  t h e  a u x i l i a r y  steam 

valve ( P V  1003) and i t s  design f l o w  capac i t y  f a c t o r  (no d i r e c t  measurement o f  

a u x i l i a r y  steam f l ow  e x i s t s ) .  I m p l i c i t  i n  t h i s  approach i s  t h e  assumption 

t h a t  no o the r  main steam f low, path such as t h e  steam dump system o r  boot leg 

d ra ins ,  was a c t i v e  o r  l eak ing  steam t o  t h e  condenser. 
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The r e s u l t s  of t h i s  c o r r e l a t i o n ,  which a r e  shown i n  F igure 2.11, again exh 

unacceptable data s c a t t e r .  Also i t  was concluded t h a t  measured data from 

steam meter F I  3102 was o f  quest onable value i n  c a l c u l a t i n g  performance 

parameters. 

experience and r e l i a b i l i t y  associated w i t h  t h a t  meter. 

This conclus ion was c o n s i s t e n t  w i th  t h e  a c t u a l  ope ra t i ng  

Dur ing any p l a n t  

b i t  

charging operat ion,  i t  was exposed t o  t h e  most severe (h ighes t  temperature) 

steam cond i t i ons  of any steam f lowmeter and i t s  l ack  o f  r e l i a b i l i t y  r e f l e c t e d  

t h i s  severe operat ing environment. As i n  t h e  case o f  F igure 2.10, data 

contained i n  t h i s  f i g u r e  show charging e f f i c i e n c i e s  g r e a t e r  than 100 percent.  

Since no steam s ide f lowmeter data were used i n  t h i s  f i g u r e ,  t h i s  t r e n d  

supports t h e  conclusion t h a t  t h e  o i l  f lowmeters were biased t o  read h igh.  

Note t h a t  i f  t h e  steam dump system o r  a boot leg d r a i n  were  i n  se rv i ce  o r  

l eak ing  through, t h i s  would have biased t h e  data toward a charging e f f i c i e n c y  

o f  l ess  than 100 percent. 

Several a l t e r n a t e  charging power c o r r e l a t i o n s  were made, i n v o l v i n g  a d d i t i o n a l  

comparisons between measured and c a l c u l a t e d  steam f l owra tes  (power) and 

measured o i l  f l ows  (power), a l though none o f  these c o r r e l a t i o n s  y ie lded  

acceptable r e s u l t s  (good agreement regard ing charg ing power). It was then 

decided t o  use data f rom the  charging desuperheater spray water f l o w  

measurement t o  c a l c u l a t e  steam f low.  

and s t a t e  p o i n t  cond i t i ons  w i t h i n  t h e  charging system, i t  was poss ib le  t o  

c a l c u l a t e  t h e  charging steam f l o w r a t e  and corresponding charging steam s ide  

power. F igure 2.12 ( a l s o  reproduced from Reference 3 w i t h  Mode 5 data added) 

shows t h e  c o r r e l a t i o n  t h a t  e x i s t s  between t h e  c a l c u l a t e d  steam s ide power 

(based on spray water f l ow)  and measured o i l  s i d e  power. I t  e x h i b i t s  t h e  bes t  

c o r r e l a t i o n  over a l l  o thers i nves t i ga ted .  I n  general ,  a l l  o f  t h e  data p o i n t s  

a r e  located along t h e  120 percent l i n e  w i t h i n  a d e v i a t i o n  o f  -10 percent t o  +5 

By us ing t h i s  water f l o w  measurement, 
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percent,  w i t h  the  m a j o r i t y  having a d e v i a t i o n  o f  5 5 percent  about the  120 

percent  e f f i c i e n c y  l i n e .  

e f f i c i e n c y  g rea te r  than 100 percent again argues t h a t  t he  o i l  f lowmeters were 

i n d i c a t i n g  a r t i f i c i a l l y  h igh  f l owra tes .  

The f a c t  t h a t  t h e  c o r r e l a t i o n  i s  a t  a charging 

Based on t h e  r e s u l t s  o f  these charging power c o r r e l a t i o n s ,  t h e  f o l l o w i n g  

conclusions were made ( f o r  purposes o f  performance comparison): 

(1) The ca l cu la ted  charging steam f l ow  based on measured spray water f l o w  

w i l l  become t h e  bas is  f o r  determining charging steam power, and 

Due t o  t h e  c o n s i s t e n t l y  h i g h  values o f  t h e  c a l c u l a t e d  o i l  s i d e  power 

(independent o f  t h e  c o r r e l a t i o n  attempted), i t  was concluded t h a t  o i l  

s i d e  f l o w  data were a r t i f i c i a l l y  h igh  by a f a c t o r  of 1 5  t o  25 percent 

(2) 

2.5 MODE 5 TEST RESULTS 

The t e s t  r e s u l t s  and suppor t ing discussions i n  t h i s  s e c t i o n  address t h e  t h r e e  

areas o f  p l a n t  operat ion discussed i n  Sect ion 2.2; p l a n t  s t a r t - u p  t o  Mode 5 as 

w e l l  as shutdown from Mode 5 and t r a n s i t i o n s  w i t h i n  Mode 5 (dual  t o  s i n g l e  

t r a i n ,  d i u r n a l  i n s o l a t i o n  v a r i a t i o n ,  c loud t r a n s i e n t s ) ,  performance aspects o f  

steady-state p l a n t  operat ion i n  Mode 5, and t h e  e f f e c t s  o f  t r i p s  which occur 

w h i l e  operat ing i n  Mode 5. 

2.5.1 Star t -up and T rans i t i ons  

During t h e  Mode 5 t e s t  program, a number o f  leaks developed i n  t h e  charging 

heat exchangers. Leakage occurred i n  both t h e  steam and o i l  s ides and i n  t h e  

main s h e l l  f l ange  j o i n t s  and a t  t h e  tube-to-tube-sheet j o i n t s .  The leak ing  

main f lange j o i n t  gaskets ( 3 )  which were replaced remained leak- f ree.  A 

review o f  operat ing procedures and design l i m i t s  was conducted t o  i n v e s t i g a t e  

t h e  p o s s i b i l i t y  o f  leakage r e s u l t i n g  f rom h i g h  stresses produced by excessive 

thermal gradients  du r ing  steady s t a t e  operat ion as w e l l  as s t a r t - u p .  

... 
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A r e v i e w  o f  TSS hea t  exchanger o p e r a t i o n  exper ience and s t d r t - u p  temperature 

d a t a  i n d i c a t e d  t h a t  t h e  c h a r g i n g  c i r c u i t  hea t  exchangers exper ienced t h e  

l a r g e s t  temperature d i f f e r e n c e s .  T h i s  r e s u l t e d  f rom two f a c t o r s .  F i r s t ,  the  

condenser, which had a r e l a t i v e l y  sma l l  des ign  temperature d i f f e r e n c e  o f  63'F, 

a c t u a l l y  operated i n  a dua l  mode as a condenser and subcoo le r  w i t h  much l a r g e r  

temperature d i f f e r e n c e s .  Fo r  n i n e  runs  i n v e s t i g a t e d ,  t h i s  va lue  was as l a r g e  

as 240°F d u r i n g  s teady s t a t e  o p e r a t i o n .  Second, t h e  o i l  coming f rom t h e  1SU 

was t y p i c a l l y  i n  t h e  250°F t o  300°F range, w e l l  below t h e  des ign  temperature 

o f  425°F. 

A c h a r a c t e r i s t i c  o f  t h e  cha rg ing  hea t  exchanger network was t h a t  t h e  subcooler  

wa te r  o u t l e t  temperature was "anchored" t o  w i t h i n  10 t o  20°F o f  t h e  o i l  i n l e t  

temperature.  Thus, w i t h  t h e  c o l d e r  o i l  i n l e t  temperature,  t h e  normal channel 

s i d e  temperature d rop  o f  215°F (650" - 435°F) i n  t h e  condenser/subcooler would 

i n c r e a s e  t o  390°F (650" - 260"). I f  t h e  condenser operated s o l e l y  i n  t h e  

condensing mode, t h i s  would r e s u l t  i n  a tempera tu re  d rop  o f  327°F f rom t h e  

en t rance  t o  t h e  e x i t  o f  t h e  subcoo le r .  I f  a l a r g e  amount o f  subcoo l i ng  

occu r red  i n  t h e  condenser, t h e  condenser temperature d rop  would be h i g h e r  than  

t h e  250°F normal o p e r a t i n g  l i m i t .  l h e  above c o n d i t i o n s  c o u l d  o c c u r  d u r i n g  

s teady s t a t e  o p e r a t i o n ,  o r ,  when superimposed on s t a r t - u p  c o n d i t i o n s ,  cou ld  

r e s u l t  i n  even l a r g e r  temperature d i f f e r e n c e s .  

exchanger d a t a  f r o m  n i n e  o p e r a t i o n a l  p e r i o d s  was made t o  e v a l u a t e  these  

tempera tu re  d i f f e r e n c e s  (see Tab le  2.2) .  

A r e v i e w  o f  c h a r g i n g  hea t  

Dur ing  t h e  p e r i o d  o f  t i m e  from day 123 (5/3/83) t o  day 193 ( l / 1 2 / 8 3 ) ,  c o n t r o l  

t e s t s  were be ing  conducted and t h e  the rma l  s t o r a g e  c h a r g i n g  network was 

s t a r t e d  w i t h  a v a r i e t y  o f  steam p ressu re  r i s e  ramps and warm-up modes. 

t h e s e  t e s t s ,  temperature d i f f e r e n c e s  as h i g h  as 350°F and 270°F- were imposed 

Dur ing  
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on t h e  condenser (day 192) and subcooler (day 192) r e s p e c t i v e l y .  

temperature d i f f e r e n c e s  were n o t  necessa r i l y  assoc iated w i th  s ta r t -up .  

The maximum 

The maximum subcooler temperature d i f f e r e n c e ,  27OoF, occurred d u r i n g  day 131 

and day 192 a f t e r  reaching opera t i ng  cond i t i ons .  

l e a v i n g  t h e  condenser a t  s a t u r a t i o n  cond i t i ons ,  t h e  subcooler doing a l l  o f  t h e  

subcool ing and w i t h  r e l a t i v e l y  low temperature o i l  coming from t h e  TSU. The 

data f rom day 192 a r e  shown i n  F igu re  2.13. 

exchangers were c y c l i c l y  ope ra t i ng  over  a range o f  heat  duty .  

Th is  r e s u l t e d  f rom water 

Dur ing t h i s  per iod,  t h e  heat 

Dur ing charging system star t -up,  from a p e r i o d  o f  c o l d  soak, i t  was impor tant  

t o  p rov ide  a warm-up pe r iod  o f  o i l  c i r c u l a t i o n  be fo re  steam e n t r y  where t h e  

o i l  and water i n  t h e  l i n e s  and heat exchangers were warmed t o  t h e  temperature 

o f  t h e  o i l  l eav ing  t h e  lower man i fo ld  i n  t h e  TSU. Normally, o i l  l e a v i n g  t h e  

TSU was 250OF o r  h igher .  Figures 2.14 and 2.15 present  data f rom two 

comparable days w i t h  and w i t h o u t  warm-up. 

Charging on day 125 (F igu re  2.14) was performed w i th  an o i l  c i r c u l a t i o n  

warm-up t h a t  r e s u l t e d  i n  maximum condenser and subcooler temperature 

d i f f e r e n c e s  o f  170°F and 22OoF, respec t i ve l y ,  which were w i t h i n  t h e  prescr ibed 

l i m i t s .  P r i o r  t o  steam en t ry ,  o i l  f rom t h e  lower man i fo ld  was c i r c u l a t e d  

through t h e  charging c i r c u i t  which warmed t h e  equipment and l i n e s  t o  

approximately 350°F. F u l l  ope ra t i ng  steam pressure a t  t h e  condenser was 

achieved 25 minutes a f t e r  steam e n t r y  r e s u l t i n g  i n  a t o t a l  s t a r t - u p  t ime  o f  45 

minutes . 

Day 155  (F igu re  2.15) i s  rep resen ta t i ve  o f  a s t a r t  w i t h o u t  warm-up and 

condenser and subcooler temperature d i f f e r e n c e s  reached 350°F and 25OoF, 
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r e s p e c t i v e l y .  

h ighe r  equipment temperature d i f f e r e n c e s  e x i s t e d  compared t o  day 1 2 5  (which 

had a warm-up pe r iod  and a much s h o r t e r  s t a r t - u p  t ime) .  I n  a d d i t i o n  t o  t h e  

warm-up o i l  c i r c u l a t i o n ,  c o n t r o l  o f  t h e  condenser steam i n l e t  pressure r i s e  

ramp was implemented. Dur ing t h e  i n i t i a l  s t a r t  i n t o  a coo l  system, t h e  steam 

temperature i n t o  t h e  condenser would be equal t o  t h e  s a t u r a t i o n  temperature 

corresponding t o  t h e  steam pressure (a l i n e a r  temperature ramp would r e q u i r e  a 

non- l inear  pressure ramp s ince t h e  s a t u r a t i o n  temperature changes much more 

r a p i d l y  a t  low pressure than a t  h i g h  pressure).  

Even w i t h  a r e l a t i v e l y  long steam pressure ramp (60 minutes) ,  

The sequence o f  events f o r  p l a n t  s ta r t -up  from steam dump opera t i on  t o  Mode 5 

was developed du r ing  t h e  Mode 5 t e s t  program. SDPC automat ion r o u t i n e s  were 

developed t o  implement t h e  sequence w h i l e  m in im iz ing  opera to r  i n i t i a t e d  

a c t i v i t i e s .  Charging t r a i n  warm-up and gradual  system p r e s s u r i z a t i o n  were 

implemented t o  minimize heat exchanger o v e r a l l  temperature d i f f e r e n c e s  du r ing  

s ta r t -up  ( thereby min imiz ing thermal s t resses ) .  The s t a r t - u p  sequence 

developed, combining a c t i v i t i e s  discussed i n  Sect ion 2.1.2, i s  as f o l l o w s :  

1. V e r i f y  r e c e i v e r  t o t a l  f l owra te .  I f  f l o w  i s  g r e a t e r  than 90 KLBH, two 

charging t r a i n s  must be operated. 

2. Check/establ ish proper steam cond i t i ons  f o r  charging p r e s s u r i z a t i o n  

( r e c e i v e r  temperature s e t p o i n t  nomina l l y  775' t o  850°F, steam dump pressure 

nomina l l y  1000 p s i g ) .  

3.  Check t h e  pressure d i f f e r e n t i a l  across t h e  charg ing i n l e t  steam va lve (s ) .  

I f  t h e  d i f f e r e n t i a l  pressure i s  g r e a t e r  than 100 p s i ,  open t h e  approp r ia te  

d r a i n  va l ve  t o  reduce t h e  d i f f e r e n t i a l  pressure t o  l e s s  than 100 p s i .  

4. Execute a " run"  c y c l e  on t h e  se lected charg ing t r a i n ( s ) .  Prewarm and s t a r t  

t h e  charging o i l  pump approp r ia te  t o  t h e  se lected t r a i n  (P301/P302). l h e  

TSU valves w i l l  be a l i gned  t o  r o u t e  o i l  f l o w  from t h e  bottom mani fo ld ,  

through t h e  charging heat exchangers, and back i n t o  t h e  TSU through t h e  

a u x i l i a r y  mani fo ld .  

5 7  



5. I n i t i a t e  t h e  auto p ressu r i za t i on  sequence t o  p ressu r i ze  t h e  charg ing 

t r a i n ( s )  a t  a r a t e  o f  approximately 30 p s i  per  minute.  

6. Fo l lowing complet ion of t h e  p r e s s u r i z a t i o n  sequence, p lace  t h e  main 

charg ing steam i n l e t  va lve  (UV3102) c o n t r o l l e r  t o  manual and increase the  

steam dump pressure t o  1400 ps ig .  

7. Gradual ly  open UV3102 (by 2 percent  increments) u n t i l  t h e  steam dump valve 

i s  f u l l y  c losed. 

increase t h e  steam dump pressure s e t p o i n t  t o  1425 ps ig .  

t r a i n  o u t l e t  o i l  temperature reaches 5OO0F, t h e  TSU valves w i l l  

au tomat i ca l l y  be rea l igned t o  rou te  o i l  f rom t h e  bottom mani fo ld  t o  t h e  

upper mani fo ld .  When t h e  o u t l e t  o i l  temperature reaches 570°F, t h e  o i l  

system w i l l  au tomat i ca l l y  sw i tch  t o  temperature c o n t r o l .  

Then swi tch  t h e  UV3102 c o n t r o l l e r  t o  pressure c o n t r o l  and 

When t h e  charging 

F igure  2.16 (a  t h r u  e) i l l u s t r a t e s  t h e  s ta r tup ,  t r a n s i t i o n  t o  Mode 5, Mode 5 

and shutdown f o r  dual  charg ing t r a i n  opera t ion  on 9/16/83. Figures 2.16 (a)  

and (b )  show charging system o i l  f lows,  "ho t "  and "co ld "  o i l  temperatures, and 

t o t a l  charg ing steam f l o w  (bo th  i n d i v i d u a l  t r a i n  steam flowmeters were 

i nopera t i ve  on t h i s  day). As  shown i n  these f i gu res ,  t h e  charg ing o i l  f lows 

were s t a r t e d  a t  approximately 8:lO AM ( s o l i d  l i n e s )  and run  f o r  some pe r iod  

p r i o r  t o  i n t roduc ing  charging steam. The s t a r t i n g  p o i n t  f o r  t h e  o i l  system 

du r ing  t e s t i n g  was a r b i t r a r y  and c a r r i e d  o u t  by t h e  operators  a t  a t ime when 

t h e i r  work load permi t ted  a c t i v a t i n g  t h e  o i l  pumps. The i n t e n t  was t o  

c i r c u l a t e  warm o i l  through t h e  heat  exchangers and t o  a l l o w  them t o  warm up 

f o r  a pe r iod  o f  a t  l e a s t  30 minutes p r i o r  t o  t h e  i n t r o d u c t i o n  o f  charg ing 

steam. Dur ing t h i s  pe r iod  o f  i n i t i a l  o i l  c i r c u l a t i o n ,  t h e  o i l  would bypass 

t h e  thermal storage tank r e s u l t i n g  i n  equal " co ld "  and ' 'hot" o i l  temperatures 

(as i nd i ca ted  on t h e  p l o t s ) .  
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A t  approximately 9:18 AM, t h e  charg ing system auto p r e s s u r i z a t i o n  sequence was 

i n i t i a t e d  and steam f l o w  was in t roduced i n t o  bo th  charg ing t r a i n s .  The 

gradual  system pressure increase t o  t h e  f i n a l  opera t ing  c o n d i t i o n  i s  shown i n  

Figures 2.16 ( c )  and ( d ) .  The charg ing steam flowmeter (FI3102P) i nd i ca ted  

response t o  t h e  steam f l o w  a l though t h e  meter ou tpu t  was no t  c o r r e c t  i n  

magnitude. Once t h e  steam f l o w  was in t roduced i n t o  t h e  charg ing system, t h e  

I lhot"  o i l  temperatures (TI3211P, TI3310P) began t o  r i s e .  Since t h e  o i l  

cont inued t o  bypass t h e  thermal storage tank u n t i l  t h e  "ho t "  o i l  temperature 

exceeded 500°F. t h e  "co ld"  o i l  temperatures (TI3412P) t racked t h e  upward t rend  

of t h e  I thot"  o i l  temperatures. Once t h e  ' 'hot" o i l  temperature i n  T r a i n  2 

exceeded 5OO0F, t h e  ' 'hot" o i l  f l o w  was au tomat i ca l l y  d i v e r t e d  t o  t h e  top  o f  

t h e  thermal storage tank and "co ld"  o i l  was withdrawn from t h e  bottom o f  t h e  

tank. A t  t h a t  t ime (approx imate ly  9:55 AM), t h e  data p l o t s  f o r  t h e  t 'hot" and 

11cold41 o i l  temperatures d iverged t o  t h e i r  steady s t a t e  values w i t h  t h e  "ho t "  

o i l  temperatures being se t  by t h e  c o n t r o l l e d  o i l  f l o w r a t e  through t h e  charging 

heat exchangers and t h e  "co ld"  o i l  temperature being s e t  by t h e  bottom 

temperature being withdrawn from t h e  thermal storage tank.  

A t  approximately 10:30 AM t h e  charg ing steam f l o w  was g radua l l y  increased 

u n t i l  ( a t  11:OO AM) a l l  t h e  rece ive r  steam was f l o w i n g  t o  t h e  charg ing heat 

exchangers and t h e  p l a n t  was opera t ing  i n  Mode 5. Th is  i s  seen on F igure 

2.16(e) as t h e  steam dump va lve  became f u l l y  c losed ( t h e  steam dump valve had 

opened a t  9:00 AM as t h e  rece ive r  steam downcomer was pressur ized  dur ing  

rece ive r  s t a r t u p ) .  

Ichot"  o i l  temperature i n  T r a i n  2 (F igure  2.16(b) increased t o  570°F and the  

o i l  f l o w  c o n t r o l l e r  switched t o  temperature c o n t r o l .  Th is  event can be seen 

as t h e  r a p i d  increase i n  T r a i n  2 o i l  f l o w  a t  approximately 11:OO AM. 

approximately 11:30 AM, T r a i n  1 switched t o  temperature c o n t r o l  i n i t i a t i n g  a 

se r ies  o f  f low/temperature o s c i l l a t i o n s  which were t y p i c a l  o f  t h e  m a j o r i t y  o f  

dual  charg ing t r a i n  opera t ion  days. 

I n  response t o  t h e  increased charg ing steam f low,  t h e  

A t  
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P r i o r  t o  T r a i n  1 temperature c o n t r o l  operat ion,  o i l  and steam f lows were 

r e l a t i v e l y  s tab le .  With t h e  r a p i d  increase i n  T r a i n  1 o i l  f low,  t h e  system 

f l ow  s t a b i l i t y  was upset and more steam f l o w  was d i v e r t e d  t o  T r a i n  1 w i t h  

r e s u l t a n t  decrease i n  steam/oi l  f l o w  t o  T r a i n  2. The change i n  heat exchange 

du ty  i n  t h e  T r a i n  2 condenser can be seen on F igu re  2.16(d) as t h e  condenser 

steam/water o u t l e t  temperature approached t h e  steam i n l e t  temperature and the  

condensing du ty  was t r a n s f e r r e d  t o  t h e  subcooler. As t h e  T r a i n  2 'Ihot" o i l  

temperature decreased t o  t h e  lower l i m i t  o f  t h e  c o n t r o l  band, t h e  T r a i n  2 o i l  

f l o w  r a p i d l y  increased w i t h  r e s u l t a n t  increase i n  T r a i n  2 steam f l o w  and 

decrease i n  T r a i n  1 steam f low.  This  f l o w  o s c i l l a t i o n  process would cont inue 

as long as t h e  c o n t r o l l e r s  were i n  AUTO. On t h i s  p a r t i c u l a r  ope ra t i ng  day, 

t h e  T r a i n  1 o i l  temperature c o n t r o l l e r  was p u t  i n t o  manual a t  approximately 

12:20 PM, thereby e l i m i n a t i n g  t h e  i n s t a b i l i t y .  

program t h e  dual  t r a i n  f l ow  i n s t a b i l i t y  problem was solved by changing t h e  

c o n t r o l  scheme such t h a t  both charg ing t r a i n  condensate d r a i n  valves w e r e  

c o n t r o l  ed by a s i n g l e  c o n t r o l l e r .  

t o  be n e a r l y  i d e n t i c a l  and prevented t r a i n - t o - t r a i n  f l o w  i n s t a b i l i t y .  

Subsequent t o  t h e  Mode 5 t e s t  

This  forced t h e  steam f l o w  i n  each t r a i n  

A t  approximately 13:35 PM, t h e  thermal s torage tank was f u l l y  charged and Mode 

5 shutdown was i n i t i a t e d  by t e r m i n a t i n g  charg ing steam f l o w  (FI3102P, Figures 

2.16 (a )  and ( b ) ) .  Then, as t h e  "ho t "  o i l  temperatures decayed t o  5 4 O O F  

( T r a i n  1)  and 536OF ( T r a i n  2) ,  t h e  charging o i l  pumps were a u t o m a t i c a l l y  

s h u t o f f  and t h e  TSU man i fo ld  valves rea l i gned  concluding t h e  Mode 5 shutdown 

sequence. As t h e  steam f l o w  t o  t h e  charging t r a i n s  was terminated, t h e  steam 

dump va lve  au tomat i ca l l y  opened t o  accept t h e  r e c e i v e r  steam (see F igu re  2.16 

( e ) ) .  



Data from day 333 (11/29/83) a re  presented i n  F igure  2.17 (a  t h r u  f )  f o r  a 10 

hour pe r iod  s t a r t i n g  a t  7:OO AM. P lan t  opera t ion  du r ing  t h i s  pe r iod  inc luded 

dual  t r a i n  Mode 5, t r a n s i t i o n  t o  s i n g l e  t r a i n  and low-to-h igh f l o w  s i n g l e  

t r a i n  operat ion.  

prev ious d iscuss ion  w i t h  t h e  charg ing system i n  pressure c o n t r o l  (Mode 5)  a t  

approximately 9:15 AM (steam dump va lve  closed, F igure  2.17 (e ) ,  and t h e  

charg ing system accept ing a l l  t h e  r e c e i v e r  steam). 

S tar tup  and dual  t r a i n  p r e s s u r i z a t i o n  occurred as per  the  

A t  approximately 11:20 AM, t h e  charg ing system was placed i n t o  FLOW c o n t r o l  

and t h e  t o t a l  charg ing steam f l o w  reduced t o  40 KLBH i n  p repara t ion  f o r  a 

dua l - to -s ing le  t r a i n  t r a n s i t i o n  t e s t .  The excess receiver-generated steam was 

in t roduced i n t o  t h e  steam dump system and t h e  steam dump va lve  re-opened 

(ZIlOOlP, F igure 2.17 ( e ) ) .  A t  approximately 11:25 AM Charging l r a i n  1 was 

shutdown and a l l  charg ing steam was accepted by T r a i n  2. 

i n  T r a i n  2 condenser/subcooler process cond i t i ons  can be seen i n  F igure  

2.17(d). 

The r e s u l t a n t  upset 

The increase i n  condenser steam o u t l e t  temperature (TEX3351) t o  t h e  saturated 

steam l e v e l  and t h e  "sp ike"  i n  subcooler o u t l e t  temperature (TEX3353) 

i n d i c a t e d  a pe r iod  o f  t ime  when t h e  steam i n l e t  r a t e  t o  l r a i n  2 exceeded t h e  

condensing ra te .  The excess steam f lowed through t h e  subcooler and i n t o  t h e  

TSS f l a s h  tank r e s u l t i n g  i n  a peak f l a s h  tank pressure o f  approximately 148 

p s i g  ( j u s t  below t h e  r e l i e f  l e v e l  o f  165 ps ig ) .  Although a s i g n i f i c a n t  

process upset occurred, on l y  s l i g h t  pe r tu rba t i ons  i n  t h e  l r a i n  2 charg ing o i l  

o u t l e t  temperature occurred (T13310P, F igure  2.17(b)). The process upset 

i n d i c a t e d  t h a t  care must be exerc ised i n  t h e  dua l - to -s ing le  t r a i n  t r a n s i t i o n  

such t h a t  t h e  t r a n s i t i o n  would o n l y  occur a t  a t o t a l  charg ing steam f l o w  of 

l ess  then approximately 45 KLBH i n  o rder  t o  prevent  excessive f l a s h  tank 

pressures.  
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Fol lowing  s t a b i l i z a t i o n  o f  T r a i n  2 charg ing opera t ion ,  T r a i n  2 steam f l o w  was 

decreased t o  o b t a i n  low- f low performance data.  Then, a t  approx imate ly  1 2 : 5 5  

PM, steam f l o w  was g radua l l y  increased such t h a t  Charging T r a i n  2 was 

accept ing  a l l  r e c e i v e r  generated steam and t h e  steam dump va lve  was c losed 

(1:15 PM, F igure  2.17(e)) .  Dur ing these per iods  o f  decreasing and inc reas ing  

steam f low,  condenser/subcooler process m o d i f i c a t i o n s  occurred w i t h  o n l y  minor  

changes i n  charg ing o i l  o u t l e t  temperature (F igu re  2.17(b)) and o i l  f l o w  

adjustments t o  process cond i t ions .  Fo l low ing  t h i s  per iod ,  t h e  charg ing steam 

r a t e  was on ly  mod i f ied  by decreasing i n s o l a t i o n  and minor  c loud t r a n s i e n t s  

(see F igure  2 .17( f ) ) .  Again, t h e  charg ing o i l  f l o w  ad jus ted  t o  changes i n  

steam f l o w  w i t h  on l y  minor changes i n  o u t l e t  o i l  temperature.  Charging T r a i n  

2 was shutdown a t  approximately 3:42 PM due t o  i nc reas ing  c loud cover.  

Data f rom day 306 (11/2/83) a re  presented i n  F igure  2.18 ( a  t h r u  f )  f o r  a 10 

hour pe r iod  s t a r t i n g  a t  8:OO AM. 

t r a n s i t i o n  t o  dual  charg ing t r a i n  Mode 5 opera t ion  was complete by 

approx imate ly  11:15 AM w i t h  complete c losu re  o f  t h e  steam dump va lve  (F igure  

2.18(a)). Dur ing Mode 5 operat ion,  pressure c o n t r o l  o f  bo th  t r a i n s  was 

prov ided by T ra in  2, thus t h e  two condensate d r a i n  valves together  

(see F igure  2 .18 ( f ) ) .  Th is  was done t o  "de-couple" t h e  pressure c o n t r o l l e r s  

such t h a t  s i g n i f i c a n t  steam f l o w  s h i f t s  f rom t r a i n - t o - t r a i n  would n o t  occur.  

S tar t -up  o f  two charg ing t r a i n s  and 

A t  approx imate ly  3:lO PM, t h e  charg ing t r a i n  pressures began t o  decay (see 

F igures 2.18 ( d  and e).  Charging t r a i n  pressure c o n t r o l  was normal ly  prov ided 

by balanc ing t h e  condenser i n l e t  energy r a t e  (steam) w i t h  t h e  o u t l e t  energy 

r a t e  ( o i l )  a t  t h e  des i red  pressure va lue.  This  was accomplished by 

c o n t r o l l i n g  t h e  condenser water  l e v e l  and thus t h e  condensing sur face  area 

a v a i l a b l e .  I n  a case o f  decreasing steam f low,  t h e  s i t u a t i o n  could a r i s e  
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where t h e  steam f l o w  (condensat ion r a t e )  was low enough such t h a t  t h e  r a t e  o f  

l e v e l  r i s e  was t o o  slow t o  a d j u s t  t h e  condensation r a t e  t o  balance t h e  o i l  

energy r a t e  (and "over-condensation" would occur) .  Th is  would r e s u l t  i n  a 

decrease i n  t r a i n  pressure such as occurred on day 306. A t  t h i s  po in t ,  t h e  

steam f l o w  was t o o  low (see F igure  2.18 (a) ,  FI2233P) f o r  s t a b l e  d u a l - t r a i n  

opera t ion  (approximately 45 KLBH rece ive r  f low) .  

A t  approximately 3:32 PM, charg ing T r a i n  1 was shutdown and t h e  t r a n s i t i o n  

f rom d u a l - t r a i n  t o  s i n g l e  t r a i n  Mode 5 occurred. 

b u t  t h e  T r a i n  2 process upset, which occurred due t o  t h e  s i g n i f i c a n t  increase 

i n  steam f l o w  when T r a i n  1 was shutdown, o n l y  recovered j u s t  p r i o r  t o  T r a i n  2 

shutdown (4:OO PM). The data i n d i c a t e d  t h a t  dua l - to -s ing le  t r a i n  t r a n s i t i o n  

cou ld  be used t o  extend Mode 5 b u t  t h e  t r a n s i t i o n  should occur a t  a h igher  

t o t a l  steam f l o w r a t e  (poss ib l y  50-60 KLBH t o t a l  rece ive r  f l ow) .  

System pressure recovered 

F igure  2.19 (a  t h r u  d)  presents data f rom Mode 5 opera t ion  du r ing  severe c loud 

t r a n s i e n t s .  

on day 101 (4/11/83). Charging T r a i n  1 was s t a r t e d  a t  8:47 AM (F igure  2.19 

( c ) ) ,  w i t h  t h e  t r a n s i t i o n  t o  Mode 5 completed by 9:30 AM (steam dump valve 

closed, F igure  2.19 ( b ) ) .  Steam f l o w  t o  t h e  charging system was terminated 

f o r  a pe r iod  o f  t ime (10:05 - 10:30) as a r e s u l t  o f  low i n s o l a t i o n  and the  

charg ing o i l  f l o w  decreased t o  t h e  s ta r t -up  l e v e l .  Mode 5 was re -es tab l i shed 

and opera t ion  cont inued f o r  t h e  r e s t  o f  t h e  day. 

The data a re  shown f o r  a 10 hour t ime pe r iod  s t a r t i n g  a t  7:30 AM 

A t  approximately 11:lO AM, loss o f  i n s o l a t i o n  occurred o f  s u f f i c i e n t  magnitude 

t o  cause charging power t o  be reduced such t h a t  o i l  o u t l e t  temperature could 

n o t  be maintained (F igu re  2.19 ( c ) ) .  As  t h e  o i l  temperature (T13211P) decayed 

t o  540°F, t h e  o i l  pump f l o w r a t e  was au tomat i ca l l y  " run  back" t o  t h e  s ta r t -up  

l e v e l .  
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Normal flow was re-established as insolation (and oil temperature) recovered. 

Operation continued through severe cloud transients and, although significant 

process upsets in the condenser/subcooler occurred (Figure 2.19 (d)), outlet 

oil temperature remained relatively constant (Figure 2.19 (c)). 

operated in Mode 5 until 4:25 PM when shutdown occurred at a receiver total 

flow of approximately 25 KLBH (Figure 2.19 (b)). 

The plant was 

The transitions between Mode 5 and Mode 2 involve phasing in or phasing out 

turbine operation using main steam while continuing to charge the Thermal 

Storage Unit (TSU). 

in or phasing out turbine operation using admission steam while continuing to 

charge the TSU. 

discussed in Reference 3. 

The transitions between Mode 5 and Mode 4 involve phasing 

The operational characteristics of these transitions are 

2.5.2 Steady-State Operation 

As stated in Section 2.2.1, the goal o f  steady-state Mode 5 operation was to 

investigate the range of Mode 5 operating conditions, gather data for 

estimation of  performance, determine first-order performance-related 

sensitivities and to establish operational limits. Also, the establishment 

and movement of the thermocline (see Section 1.2) through the TSU was of 

interest in the determination of the effectiveness o f  large-scale dual media 

energy storage. The majority of the data used to establish "instantaneous" 

performance were obtained from time-averaged five minute data samples (see 

Table 2.1) occurring during periods o f  steady-state operation. 

the data points on figures in this section correspond to the particular data 

samples in Table 2.1. 

The numbers on 
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2.5.2 .l Charging E f f i c i e n c y  

Charging e f f i c i e n c y  c a l c u l a t i o n s  were based on r e c e i v e r  absorbed energy due t o  

t h e  u n c e r t a i n t i e s  i n  r e c e i v e r  i n c i d e n t  energy and r e c e i v e r  losses. Also, as 

discussed i n  Sect ion 2.4, steam f l o w r a t e  t o  t h e  charging heat exchangers was 

c a l c u l a t e d  from t h e  thermal storage desuperheater spray water f l o w r a t e  and 

desuperheater thermodynamic s t a t e  p o i n t s .  

Mode 5 t e s t  data i n d i c a t e d  t h a t  t h e r e  were two pr imary f a c t o r s  which e f f e c t e d  

charging e f f i c i e n c y ;  charging i n l e t  ( " c o l d " )  o i l  temperature and t h e  use o f  

heat recovery i n  t h e  feedwater system. The llcoldlt o i l  which i s  pumped through 

t h e  charging heat exchangers does n o t  e n t e r  a t  a constant  temperature. 

temperature l e v e l  i s  r e f l e c t i v e  o f  t h e  t ype  of e x t r a c t i o n  operat ions which had 

occurred a t  some e a r l i e r  t ime. T y p i c a l l y ,  h i g h  f l o w  e x t r a c t i o n  operat ions ( t o  

generate admission steam) r e s u l t e d  i n  "cold11 o i l  temperatures on t h e  order  o f  

400OF. Low f l o w  e x t r a c t i o n  operat ions ( f o r  t h e  purpose o f  generat ing 

a u x i l i a r y  o r  b lanke t ing  steam) t y p i c a l l y  r e s u l t e d  i n  " co ld "  o i l  temperatures 

o f  250 t o  280'F. The e f f e c t  o f  these v a r i a t i o n s  i n  " co ld "  o i l  temperature 

d i r e c t l y  i n f l uenced  t h e  p l a n t  charging e f f i c i e n c y .  

temperature t o  t h e  charging heat exchangers, t h e  g r e a t e r  t h e  f r a c t i o n  o f  

a v a i l a b l e  energy which was t r a n s f e r r e d  t o  t h e  thermal storage o i l  system ( w i t h  

a correspondingly smal ler  q u a n t i t y  o f  waste heat l eav ing  t h e  f l a s h  tank ) .  

The 

The c o l d e r  t h e  i n l e t  o i l  

F igu re  2.20 dep ic t s  charging steamside power as a f u n c t i o n  o f  charging heat 

exchanger steam f l o w  f o r  a number o f  Mode 5 steady-state ope ra t i ng  p o i n t s .  

The steamside power, assumed t o  be equal t o  t h e  o i l - s i d e  power under 

steady-state condi t ions,  was c a l c u l a t e d  from charging heat exchanger i n l e t  and 

o u t l e t  cond i t i ons  and steam f l o w  determined from t h e  desuperheater energy 

balance. The r e s u l t  o f  i nc reas ing  steamside power w i th  decreasing "co ld "  o i l  

temperature may be seen from t h i s  f i g u r e .  
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The second pr imary f a c t o r  i n f l u e n c i n g  charg ing e f f i c i e n c y  invo lved use o f  heat 

recovery paths (see Sect ion 2.3 f o r  a d iscuss ion  o f  t h e  thermal storage heat 

recovery system). Thermal energy which was n o t  absorbed i n t o  t h e  thermal 

s torage o i l  system would f l o w  from t h e  f l a s h  tank t o  t h e  condenser o r  

feedwater system i n  t h e  form o f  h igh  temperature condensate and waste steam. 

The ac tua l  f lowpaths i n  se rv i ce  du r ing  Mode 5 t e s t i n g  depended on t h e  

condensate and steam chemistry (as i t  l e f t  t h e  f l a s h  tank) ,  hardware 

a v a i l a b i l i t y ,  and opera tor  choice.  As a general  r u l e  i t  was determined t o  be 

b e t t e r  t o  u t i l i z e  waste heat f o r  feedwater heat ing,  when t h e  f l a s h  tank steam 

and condensate chemist ry  were w i t h i n  acceptable l i m i t s ,  ins tead o f  us ing  

a d d i t i o n a l  a u x i l i a r y  steam (which would draw main steam away from t h e  charging 

system). A u x i l i a r y  steam dur ing  Mode 5 was suppl ied f rom t h e  steam downcomer 

through PV1003 (F igure  2.1) and would en te r  t h e  deaerator  through PV647A 

(F igure  2.7). 

t h e  deaerat ion process. 

The a u x i l i a r y  steam was used t o  p ressu r i ze  t h e  deaerator  f o r  

Calcu lated a u x i l i a r y  steam f low as a f u n c t i o n  o f  t o t a l  r e c e i v e r  f l o w  i s  shown 

i n  F igure  2.21. The a u x i l i a r y  steam f l o w  was n o t  measured, t h e r e f o r e  i t  was 

ca l cu la ted  based on t h e  design f l o w  c o e f f i c i e n t  f o r  PV1003 and t h e  commanded 

va lve (PV1003) p o s i t i o n .  

t o  t h e  l i m i t e d  data a v a i l a b l e )  t h e  e f f e c t s  o f  heat  recovery and deaerator  

pressure on a u x i l i a r y  steam demand du r ing  Mode 5 operat ion.  

f o r  opera t ion  w i thou t  heat recovery paths i n  se rv i ce  represents  a range i n  

deaerator  pressure f rom 23 p s i a  (minimum a u x i l i a r y  steam f l o w  demand) t o  29 

ps ia .  

storage f l a s h  tank)  i n  serv ice  represents  a range i n  deaerator  pressure from 

24 p s i a  t o  36 ps ia .  The lower a u x i l i a r y  steam demand f o r  opera t ion  w i t h  heat 

recovery represents increased steam f l o w  t o  t h e  charg ing heat exchangers ( f o r  

a g iven r e c e i v e r  f low)  and thus h ighe r  charg ing e f f i c i e n c y .  

The data on t h i s  f i g u r e  i n d i c a t e  q u a l i t a t i v e l y  (due 

The band o f  data 

The data band f o r  opera t ion  w i t h  heat  recovery ( f rom t h e  thermal 
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The maximum a u x i l i a r y  steam f l o w  ind i ca ted  on F igure  2.21 represents  t h e  

c o n d i t i o n  o f  PV1003 wide open. 

f low,  e i t h e r  t h e  deaerator  pressure s e t p o i n t  must be reduced (s ince  t h e  

increased demand f o r  a u x i l i a r y  steam a t  h ighe r  feedwater f l o w  cannot be met) 

o r  heat recovery paths must be placed i n  serv ice.  The r e s u l t s  o f  t e s t i n g  i n  

severa l  opera t ing  modes i n d i c a t e d  t h a t  t he re  was no d iscernab le  advantage i n  

opera t ing  w i t h  deaerator  pressures above approximately 25 ps ia ,  and t h i s  was 

t h e  nominal pressure s e t p o i n t  f o r  normal operat ion.  An increase i n  pressure 

f rom 25 p s i a  t o  36 p s i a  would o n l y  r e s u l t  i n  an increase i n  water temperature 

from 240°F t o  26OoF, having l i t t l e  e f f e c t  on t h e  deaerat ion process. 

With t h i s  cond i t ion ,  and inc reas ing  rece ive r  

The combined e f f e c t  o f  "co ld"  o i l  temperature and heat  recovery on charg ing 

power can be seen i n  F igure 2.22. Although ucoldll o i l  temperature was n o t  a 

d i r e c t l y  c o n t r o l l a b l e  f a c t o r ,  heat recovery could be used t o  minimize t h e  

a u x i l i a r y  steam demand and thus maximize charg ing power f o r  g iven  rece ive r  

cond i t ions .  

measure o f  p l a n t - l e v e l  charg ing e f f i c i e n c y .  Charging e f f i c i e n c y  as a f u n c t i o n  

o f  t o t a l  feedwater f l o w  i s  shown i n  F igure  2.23. The data bands showing the  

e f f e c t s  o f  "co ld"  o i l  temperature and heat recovery a re  taken f rom Figure 

2.22. As 

i n d i c a t e d  before,  thermal energy which i s  n o t  absorbed i n t o  t h e  thermal 

s torage o i l  f lows from t h e  f l a s h  tank t o  t h e  condenser o r  feedwater system i n  

t h e  form o f  h igh  temperature condensate o r  waste steam o r  as heat  loss  f rom 

t h e  steam p i p i n g  and heat  exchangers. 

The r a t i o  o f  charg ing power t o  r e c e i v e r  absorbed power i s  a 

The m a j o r i t y  o f  t h e  data p o i n t s  a re  between 65 and 80 percent .  

2.5.2.2 Operat ional  L i m i t s  

The p l a n t  was operated i n  Mode 5 over  a range o f  opera t ing  cond i t i ons  w i t h i n  

t h e  l i m i t s  s p e c i f i e d  i n  Figures 2.3 and 2.4. As s ta ted  i n  Sect ion 2.1.2, 
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t y p i c a l  r e c e i v e r  steam temperature se tpo in ts  o f  between 7 7 5 ° F  and 850°F were 

used du r ing  Mode 5 operat ion.  

i n  increased r e c e i v e r  energy losses (and reduced r e c e i v e r  absorbed power) and 

r e q u i r e  a d d i t i o n a l  desuperheater spraywater f low.  

r e s u l t  i n  reduced steam superheat and lower margin f o r  Mode 5 ope ra t i on  du r ing  

c loud t r a n s i e n t s .  The low f l o w  c h a r a c t e r i s t i c s  o f  bo th  one and two charg ing 

t r a i n s  were i nves t i ga ted  and t h e  steam f l o w  l i m i t  f o r  s i n g l e  charg ing t r a i n  

ope ra t i on  was es tab l i shed.  

5 ope ra t i on  was n o t  reached due t o  t h e  l i m i t  i n  maximum a t t a i n a b l e  r e c e i v e r  

f low.  

t e s t  program due t o  severa l  f ac to rs ;  h e l i o s t a t s  o f f - l i n e ,  reduced h e l i o s t a t  

r e f l e c t i v i t y ,  reduced rece ive r  a b s o r p t i v i t y ,  e t c .  Charging steam pressure was 

t y p i c a l l y  s e t  a t  1400 p s i .  

r e c e i v e r  pressure excursions (du r ing  f l o w / f l u x  excurs ions)  and a margin on the  

low s ide  f o r  minimum steam condensation temperature (see Sect ion  2.3). 

Higher r e c e i v e r  steam temperatures would r e s u l t  

Lower temperatures would 

The steam f l o w  l i m i t  f o r  dual  charg ing t r a i n  Mode 

Design maximum rece ive r  steam f l o w  was n o t  achieved du r ing  t h e  Mode 5 

This  prov ided a margin on t h e  h igh  s ide  f o r  

An example o f  maximum s i n g l e  charg ing t r a i n  steam f l o w  i s  seen from t h e  data 

f o r  day 139 (5/19/83). 

represent  rece ive r  steam f lows o f  94.3 KLBH, 92.7KLBH, 82.1KI-8H, 67.9KLBH, and 

41.5KLBH, respec t i ve l y .  As can be seen, a p o i n t  i s  reached where increased 

steam f l o w  r e s u l t s  i n  very l i t t l e  inc rease i n  charg ing steam power. This  i s  

t h e  r e s u l t  o f  reaching t h e  condensing r a t e  l i m i t  f o r  a s i n g l e  charg ing t r a i n .  

Flow and temperature data f o r  day 139, s t a r t i n g  a t  9:00 AM f o r  a 10-hour 

per iod ,  a re  shown i n  F igure  2.24 (a-c) .  Over a range o f  r e c e i v e r  f lows 

(F igu re  2.24a). t h e  condenser steam o u t l e t  temperature ( T t X 3 2 5 1 )  remained 

constant  a t  t h e  s a t u r a t i o n  temperature (no condenser subcool ing) .  Also, t h e  

subcooler d i f f e r e n t i a l  temperature ( i n l e t - o u t l e t )  was o n l y  60°F du r ing  t h i s  

Data p o i n t s  1-5  on F igure  2.20 a re  f o r  day 139 and 
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per iod .  

condenser o u t l e t  temperature drop below s a t u r a t i o n  temperature (accompanied 

w i t h  a l a r g e  decrease i n  subcooler o u t l e t  temperature).  

o f  the steam f l o w  dropping below t h e  condensation f l o w  l i m i t  f o r  t h e  s i n g l e  

t r a i n .  

Not u n t i l  a c loud t r a n s i e n t  a t  approximately 4:OO PH d i d  t h e  

This  was i n d i c a t i v e  

The reduced performance d u r i n g  l i m i t i n g  opera t i on  can be seen on 

c F igu re  2.23, where data p o i n t s  1 and 2 show charg ing e f f i c i e n c i e s  

s u b s t a n t i a l l y  below comparable d u a l - t r a i n  ( n o n - l i m i t i n g )  values represented by 

da ta  p o i n t s  20 and 22. 

The maximum charging steam f l o w  f o r  a s i n g l e  charging t r a i n  was determined t o  

be a f u n c t i o n  o f  t h e  charg ing i n l e t  o i l  temperature. Data p o i n t s  28 and 29 on 

F igu re  2.20 represent  h i g h  f low,  s i n g l e  t r a i n  ope ra t i on  a t  an i n l e t  o i l  

temperature o f  272°F whereas t h e  i n l e t  o i l  temperature f o r  t h e  l i m i t i n g  case 

discussed above was 400°F (F igu re  2.24b). Based on a d d i t i o n a l  Mode 5 

ope ra t i ng  experience, t h e  90 KLBH r e c e i v e r  f l o w  l i m i t  f o r  s i n g l e  charging 

t r a i n  ope ra t i on  was es tab l i shed  (see Sect ion 2 . 5 . 1 ) .  

The low f l o w  l i m i t  f o r  bo th  s i n g l e  and dual  charg ing t r a i n s  was a l s o  

i n v e s t i g a t e d .  As discussed i n  Sect ion 2.5.1, t h e  minimum r e c e i v e r  f l o w  f o r  

s t a b l e  d u a l - t r a i n  Mode 5 ope ra t i on  was determined t o  be approximately 50 KLBH 

(see d i scuss ion  f o r  day 306); t h i s  value was then s e t  as a g u i d e l i n e  f o r  

t r a n s i t i o n i n g  from dua l - to -s ing le  t r a i n  operat ion.  The low f l o w  l i m i t  f o r  

s i n g l e  t r a i n  ope ra t i on  was determined t o  be approximately 30 KLBH which was 

a l s o  t h e  approximate low f l o w  l i m i t  f o r  s t a b l e  r e c e i v e r  operat ion.  On day 

306, a f t e r  t h e  t r a n s i t i o n  from dual  t o  s i n g l e  t r a i n  operat ion,  Mode 5 

cont inued down t o  a r e c e i v e r  f l o w  o f  25.2 KLBH (see F igu re  2.18 and 

d iscuss ion) .  

seen from Figure 2.23 (day 306, 3:55 - 4:OO PH), data p o i n t  10. 

The performance p e n a l t y  f o r  ope ra t i on  a t  t h i s  low f l o w  may be 



f u l l - s c a l e  (he igh t )  model du r ing  t h e  p r  

shape o f  t h e  thermocl ine was determined 

tank shape o r  volume. A reg ion  w i l l  ex 

l i m i n a r y  des ig 

t o  be r e l a t i v e  

s t  between t h e  

2.5.2.3 TSU Thermocline 

S i z i n g  and performance est imates o f  t h e  TSU were dependent on t h e  

c h a r a c t e r i s t i c s  o f  t h e  thermocl ine,  heat loss  t o  t h e  environment, and s t reng th  

c a p a b i l i t y  of t h e  suppor t ing foundat ion.  

thermocl ine was establ ished both by a d e t a i l e d  ana lys i s  and t e s t i n g  o f  a 

The c h a r a c t e r i s t i c  shape o f  t h e  

c o n t r a c t  phase. The 

y i n s e n s i t i v e  t o  t h e  

lower and upper 

mani fo lds t h a t  can be considered t h e  a c t i v e  p o r t i o n  o f  t h e  bed. 

energy i s  ex t rac ted  from t h e  TSU, t h e  thermocl ine w i l l  move upward and o i l  

w i l l  leave t h e  upper mani fo ld  a t  t h e  upper temperature (575" t o  580°F) and 

r e t u r n  t o  t h e  lower mani fo ld  a t  t h e  lower temperature ( 4 2 5 " ) .  The o u t l e t  o i l  

temperature w i l l  remain constant u n t i l  t h e  thermocl ine reaches t h e  upper 

mani fo ld .  A t  t h i s  p o i n t  t h e  thermocl ine w i l l  "enter1' t h e  upper manifold,  and 

t h e  o i l  o u t l e t  temperature w i l l  begin t o  drop. O i l  f l o w  w i l l  cont inue u n t i l  

t h e  temperature drops t o  a value below which i t  cannot f u r t h e r  generate t h e  

requ i red  heat energy. A t  t h i s  p o i n t ,  t h e  TSU w i l l  be f u l l y  discharged o f  

energy f o r  e l e c t r i c a l  power generat ion purposes. Dur ing charging, h o t  o i l  

(580°F) w i l l  e n t e r  t h e  upper manifold,  c o l d  (425°F) o i l  w i l l  leave t h e  lower 

manifold,  and t h e  thermocl ine w i l l  move i n  a downward d i r e c t i o n .  The TSU i s  

considered f u l l y  charged when t h e  cool  o i l  l eav ing  t h e  lower man i fo ld  reaches 

t h e  i n l e t  temperature l i m i t  o f  t h e  charging heat exchangers. 

When thermal 

F igu re  2.25 shows t h e  approximate l o c a t i o n  o f  t h e  thermocouples used t o  

e s t a b l i s h  t h e  shape o f  t h e  TSU thermocl ine.  F igure 2.26 shows t h e  movement o f  

t h e  thermocl ine through t h e  TSU d u r i n g  two consecut ive days o f  d u a l - t r a i n  Mode 

5 charging operat ion.  The thermocl ine i s  shown a t  11:OO AM, 3:OO PM and 5:OO 
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PM on day 284 and a t  9:00 AM, 11:OO AM and 1:00 PM on 

energy between 5:00 PM (day 284) and 9:00 AM (day 285 

heat  l o s s  p lus  energy ex t rac ted  f o r  ove rn igh t  b lanke t  

generat ion.  F igure  2.27 shows t h e  thermoc l ine  mot ion 

an extended pe r iod  o f  s i n g l e - t r a i n  Mode 5 opera t ion .  

day 285. The loss o f  

i s  r e f l e c t i v e  o f  TSU 

ng/seal  steam 

through t h e  TSU du r ing  

An energy balance 

L conducted on t h e  TSU i n d i c a t e d  t h a t  du r ing  t h i s  p e r i o d  156 MWHt were added t o  

t h e  TSU. 

2.5.3 Mode 5 T r ips  

The p l a n t  t r i p  system i s  designed t o  p r o t e c t  p l a n t  equipment by sensing key 

parameters and au tomat i ca l l y  s h u t t i n g  down p l a n t  equipment when t h e  k y 

parameters a re  s i g n i f i c a n t l y  o u t  o f  l i m i t s .  

TSS and which would " t r i p "  t h e  TSS charg ing system are:  

1. High desuperheater o u t l e t  steam temperature. 

2. High charg ing o i l  pressure.  

3 .  High charg ing o i l  temperature. 

4. High charg ing steam pressure.  

5. High TSU o i l  l e v e l .  

6. High f l a s h  tank condensate l e v e l .  

7. High f l a s h  tank pressure.  

8. High o r  low TSU u l l a g e  pressure.  

The parameters which mon t o r  t h e  

Also, t h e  p l a n t  opera tor  can i n i t i a t e  a charg ing system t r i p  (pushbutton) o r  a 

r e c e i v e r  t r i p  w i l l  i n i t i a t e  a charg ing t r i p .  

w i l l  c l ose  t h e  charg ing steam va lve  (UV3102), s h u t o f f  t h e  o i l  pumps and c lose  

t h e  charg ing t r a i n  steam i n l e t  valves (AOV3206/3306). 

A t r i p  o f  t h e  charg ing system 

Dur ing normal p l a n t  operat ion,  charg ing system t r i p s  occurred which 

demonstrated each o f  t h e  above cond i t i ons  and t h e  p l a n t  was au tomat i ca l l y  
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t r a n s i t i o n e d  from Mode 5 t o  a lower  l e v e l  o f  p l a n t  ope ra t i on  (steam dump 

system opera t ion  o r  Mode 8 ) .  No s p e c i f i c  t r i p  t e s t s  were planned as a p a r t  o f  

Mode 5 t e s t i n g .  The f o l l o w i n g  examples o f  t r i p s  occu r r i ng  du r ing  Mode 5 

demonstrate s a t i s f a c t o r y  t r a n s i t i o n  f rom Mode 5 t o  steam dump opera t ion .  

F igu re  2.28 (a - f )  presents data du r ing  d u a l - t r a i n  Mode 5 ope ra t i on  on day 4 

(1/4/83) i n c l u d i n g  a charg ing system t r i p  due t o  h igh  f l a s h  tank condensate 

l e v e l .  F igure  2.28a shows t h e  l e v e l  (LI3112P) i nc reas ing  t o  t h e  t r i p  va lue 

(54 i n . )  w i t h  a t r i p  and c losure  o f  UV3102 (ZI3102P). The key element o f  

opera t ion  f o l l o w i n g  the  t r i p  i s  t h e  t r a n s i t i o n  o f  r e c e i v e r  steam f l o w  from t h e  

charg ing system t o  t h e  steam dump system w i t h o u t  a s i g n i f i c a n t  p e r t u r b a t i o n  i n  

r e c e i v e r  operat ion.  F igures 2.28a and 2.28b show t h e  immediate response o f  

t h e  steam dump va lve  and t h e  s l i g h t  increase i n  r e c e i v e r  pressure (PI2902) as 

t h e  pressure s e t p o i n t  was increased f rom charg ing pressure c o n t r o l  t o  steam 

dump pressure c o n t r o l .  Steam dump opera t ion  cont inued u n t i l  t h e  operators  

r e - i n i t i a t e d  Mode 5 charging, w i t h  no i n t e r r u p t i o n  o f  r e c e i v e r  operat ion.  7he 

o i l  system response t o  t h e  t r i p  i s  shown i n  F igures 2 . 2 8 ~  and 2.28d and t h e  

steam system response i s  shown i n  F igures 2.28e and 2.28f. 

On day 171 (6/20/83), charg ing t r a i n  1 was s t a r t e d  us ing  c o n t r o l l e d  warmup 

procedures. Jus t  f o l l o w i n g  t h e  complet ion o f  t h e  t r a n s i t i o n  t o  Mode 5 

opera t ion ,  t h e  charg ing system was t r i p p e d  due t o  h i g h  charg ing o i l  o u t l e t  

temperature. The increase i n  o i l  temperature t o  t h e  t r i p  l e v e l  o f  600°F i s  

shown i n  F igure  2.29a, w i t h  subsequent shutdown o f  t h e  charg ing o i l  pump and 

t e r m i n a t i o n  o f  steam f l o w  t o  t h e  charg ing system. The o i l  system response i s  

shown i n  F igure  2.29a and t h e  steam system response i s  shown i n  F igure  2.29b. 

Overa l l  r ece i ve r  parameters a re  shown on F igure  2 . 2 9 ~  i n c l u d i n g  t h e  response 

o f  t h e  steam dump valve t o  t h e  t r i p - i n i t i a t e d  t r a n s i t i o n .  Subsequent t o  t h e  

t r i p ,  successfu l  opera t ion  i n  Mode 5 was r e - i n i t i a t e d .  
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c 

A TSS charging system t r i p  due t o  h i g h  TSU pressure occurred on day 3(1/3/83) 

d u r i n g  t h e  i n i t i a t i o n  o f  d u a l - t r a i n  Mode 5 operat ion.  

f o r  t h i s  p e r i o d  a re  presented i n  F igu re  2.30 ( a - f ) .  

pressure (PI4008P) t o  t h e  t r i p  l e v e l  o f  16 IN-H20 i s  shown i n  F igure 2.30a, 

w i t h  c losu re  o f  t h e  charging steam va lve  (ZI3102P) as t h e  t r i p  occurred. 

F igu re  2.30b shows t h e  immediate response o f  t h e  steam dump system (211001P) 

as steam f l o w  i s  d i v e r t e d  from t h e  charg ing system. The responses o f  t h e  

charg ing o i l  systems and steam systems a r e  shown f o r  bo th  charg ing t r a i n s  i n  

Figures 2.30c/d and 2.30e/f, r e s p e c t i v e l y .  

Charging system data 

The increase i n  TSU 

q u a n t i t a t i v e  

p l a n t  operat  

q u a n t i t a t i v e  

1 i m i t a t i o n s .  

2.6 CONCLUSIONS 

The conclusions w i t h  regard t o  Mode 5 operat ions a r e  both q u a l i t a t i v e  and 

i n  nature.  The q u a l i t a t i v e  f a c t o r s  a r e  w i t h  regard t o  o v e r a l l  

pment c h a r a c t e r i s t i c s  and opera t i ng  phi losophy. The 

a re  w i t h  regard t o  performance e v a l u a t i o n  and equipment 

on, equ 

f a c t o r s  

P l a n t  ope ra t i on  w i t h  TSU charg ing only,  and r e c e i v e r  pressure c o n t r o l  prov ided 

by t h e  charging sledm system, was demonstrated over  a wide range o f  ope ra t i ng  

c o n d i t i o n s  d u r i n g  t h e  Mode 5 t e s t  program. P l a n t  ope ra t i on  d u r i n g  c loud 

t r a n s i e n t s  demonstrated the  e f fec t i veness  o f  us ing  Mode 5 when r e c c i v c r  

ope ra t i on  f o r  t u r b i n e - d i r e c t  steam would n o t  be p r a c t i c a l .  The sequence f o r  

s t a r t - u p  and t r a n s i t i o n  of  t h e  p l a n t  t o  Mode 5 was developed d u r i n g  the  t e s t  

program (See Sect ion 2.5.1). Gradual warm-up o f  t h e  charg ing heat exchangers 

was implemented and t h e  s t a r t - u p  sequence was automated t o  minimize requ i red  

opera to r  ac t i ons .  
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Based on t h e  r e s u l t s  o f  t h e  Mode 1 ( t u r b i n e - d i r e c t ,  Ref. 4) ,  Mode 2 

( t u r b i n e - d i r e c t  and charging, Ref. 3 )  and Mode 5 t e s t  programs, i t  was 

determined t h a t  Mode 1 was bes t  f o r  e l e c t r i c a l  power generat ion and Mode 5 was 

best  f o r  TSU charging. S p l i t t i n g  t h e  r e c e i v e r  steam between t h e  t u r b i n e  and 

charging systems (Mode 2)  r e s u l t e d  i n  t h e  opera t i on  of both systems f a r  f rom 

t h e i r  design p o i n t s  w i t h  associated performance p e n a l t i e s  (reduced 

e f f i c i e n c i e s  and performance, increased p a r a s i t i c  loads, ope ra t i ng  

complex i t ies,  e t c . ) .  Since Mode 1 was determined t o  be t h e  bes t  mode f o r  

power generat ion,  i t  i s  b e t t e r  t o  accomplish TSU charging as f a s t  as poss ib le  

i n  o rde r  t o  be ab le  t o  r e t u r n  Lo Mode 1 f o r  power produc l i o n  a t  or n w r  t h e  

design p o i n t  ( i ns tead  o f  extended charging i n  Mode 2 w i t h  t h e  t u r b i n e  operated 

f a r  f rom i t s  design p o i n t ) .  

Dual charging t r a i n  operat ion was demonstrated du r ing  Mode 5 t e s t i n g .  

I n i t i a l l y ,  coupl ing between t h e  t r a i n s  r e s u l t e d  i n  l a r g e  "swings" i n  steam 

f l o w  from one t r a i n  t o  another. 

f l o w  c o e f f i c i e n t s  o f  t h e  condensate valves (PV3110, PV3111) and then by 

" s l a v i n g u  c o n t r o l  o f  both condensate valves from a s i n g l e  c o n t r o l l e r .  With 

t h e  increase i n  condensate va lve f l o w  c o e f f i c i e n t ,  a long w i t h  t h e  apparent 

l ack  o f  heat exchanger tube f o u l i n g ,  t h e  a c t u a l  s i n g l e - t r a i n  steam f l o w  l i m i t  

was approximately 90 KLBH ( t h e  design va lve was 65 KLBH). Thus, s i n g l e  t r a i n  

Mode 5 operat ion,  when r e c e i v e r  f l o w  was less  than 90 KLBH, became t h e  

p r e f e r r e d  operat ing con f igu ra t i on .  This would r e s u l t  i n  h i g h  charging 

e f f i c i e n c i e s ,  reduced p a r a s i t i c  power (compared t o  d u a l - t r a i n  operat ion) ,  and 

reduced operat ing complexi ty.  When both t r a i n s  were i n  operat ion,  i t  was 

determined t h a t  t h e  t r a n s i t i o n  f rom dua l - to -s ing le  t r a i n  ope ra t i on  should 

occur a t  a t o t a l  r e c e i v e r  f l o w  o f  no l e s s  than 50 KLBH. With a s i n g l e  t r a i n  

i n  operat ion,  i t  was determined t h a t  t h e  charging opera t i on  should be 

terminated a t  a minimum r e c e i v e r  f l o w  o f  approximately 30 KLBH. 

This was a l l e v i a t e d  by f i r s t  i nc reas ing  t h e  
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Due t o  t h e  l ack  o f  r e l i a b l e  charging steam f l o w  ins t rumen ta t i on ,  steam f l o w  t o  

t h e  charg ing heat exchangers was c a l c u l a t e d  from charg ing desuperheater 

spraywater f l o w  and t h e  desuperheater thermodynamic s t a t e  p o i n t s .  

these c a l c u l a t i o n s ,  charging e f f i c i e n c y  was determined. Charging e f f i c i e n c y ,  

de f i ned  as t h e  r a t i o  o f  charging power t o  r e c e i v e r  absorbed power, was 

g e n e r a l l y  h ighe r  a t  h ighe r  steam f l ows  and a l s o  h ighe r  when 7SS heat  recovery 

was i n  serv ice.  Typica l  values o f  6 5  t o  80 percent  were determined f o r  

charg ing e f f i c i e n c y  which meant t h a t  6 5  t o  85 percent  of t h e  r e c e i v e r  absorbed 

power was d e l i v e r e d  t o  t h e  charging o i l  f l o w  d u r i n g  Mode 5 .  

recovery paths r e s u l t e d  i n  lower a u x i l i a r y  steam f l o w  and thus h ighe r  charg ing 

steam f l o w  f o r  a g iven r e c e i v e r  f l ow .  Deaerator pressure l e v e l  a l s o  e f f e c t e d  

charg ing e f f i c i e n c y  i n  t h a t ,  f o r  a g i ven  t o t a l  feedwater f low,  h ighe r  

a u x i l i a r y  steam f lows would be requ i red  t o  ma in ta in  h ighe r  deaerator  

pressures.  

advantageous i n  improving t h e  deaerat ion process. 

Based on 

The use o f  heat 

Deaerator pressures i n  excess o f  2 5  p s i a  were determined n o t  t o  be 

High volume, dual  media energy s torage was v e r i f i e d  d u r i n g  t h e  Mode 5 t e s t  

program by t h e  generat ion and maintenance o f  t h e  TSU thermocl ine.  

and mot ion o f  t h e  thermocl ine were as p r e d i c t e d  f rom a n a l y t i c a l  s tud ies  and 

scale t e s t  data.  

The shape 



Sect ion 3 

MODE 6 (STORAGE DISCHARGING) 

Dur ing Mode 6 (Storage Discharging) operat ion,  t h e  p l a n t  i s  operated i n  a 

"Load f o l l o w i n g "  o r  " f low" c o n t r o l  s t r a t e g y  under manual c o n t r o l .  A l l  o f  t h e  

steam generated by t h e  thermal storage e x t r a c t i o n  heat exchangers f lows t o  t h e  

t u r b i n e  t o  generate e l e c t r i c a l  power. The t o t a l  steam/oi l  f l o w  and r e s u l t i n g  

e x t r a c t i o n  r a t e  may f l u c t u a t e  depending on t h e  amount o f  Thermal Storage U n i t  

(TSU) charge, t h e  f l o w  se tpo in t ,  or t h e  e l e c t r i c a l  demand ( l oad ) .  The thermal 

storage e x t r a c t i o n  r a t e  i s  s e t  t o  p rov ide  admission steam t o  t h e  t u r b i n e  a t  a 

l e v e l  requ i red  t o  s a t i s f y  t h e  e l e c t r i c a l  demand o f  t h e  f l o w  s e t p o i n t .  As t h e  

TSU becomes f u l l y  discharged, t h e  steam generator (steam) temperature and 

pressure w i l l  g r a d u a l l y  decay u n t i l  an admission steam c o n d i t i o n  t r i p  occurs 

unless t h e  operator  t r a n s i t i o n s  t h e  p l a n t  i n t o  another ope ra t i ng  mode. 

3.1 

Mode 6 i s  used t o  generate e l e c t r i c a l  power a f t e r  sunset, o r  d u r i n g  o t h e r  

non-sunshine per iods,  when thermal energy i s  a v a i l a b l e  i n  t h e  thermal storage 

subsystem. The thermal storage e x t r a c t i o n  r a t e  i s  s e t  t o  p rov ide  admission 

steam t o  t h e  t u r b i n e  a t  a l e v e l  requ i red  t o  s a t i s f y  t h e  e l e c t r i c a l  demand. 

The thermal storage steam generat ion equipment i s  capable o f  producing 

admission steam over t h e  range o f  5,500 t o  110,000 LBH a t  a t u r b i n e  i n l e t  

c o n d i t i o n  o f  525OF and 385 ps ia.  The p l a n t  design c o n d i t i o n  f o r  Mode 6 

ope ra t i on  i s  7 MWe ( n e t )  f o r  f o u r  hours. The p r i n c i p a l  components, f l o w  

paths, and process sensors associated w i t h  t h i s  ope ra t i ng  mode a r e  h i g h l i g h t e d  

i n  Figures 3.1 and 3.2. 

Summary o f  Mode 6 Operation 

The number o f  e x t r a c t i o n  t r a i n s  se lected f o r  ope ra t i on  depended on t h e  des i red 

p l a n t  e l e c t r i c a l  output  t o  be generated from admission steam, t h e  s t a t e  o f  
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charge of t h e  thermal s torage tank,  ope ra t i ona l  c o n s t r a i n t s  and equipment 

a v a i l a b i l i t y .  

w i t h  a s i n g l e  e x t r a c t i o n  t r a i n  i n  o rde r  n o t  t o  r a p i d l y  expend t h e  s to red  

energy i n  t h e  thermal storage tank and t o  ease t h e  opera t i ng  burden both i n  

t h e  c o n t r o l  room ( w i t h  i t s  l i m i t e d  number o f  CRT t e r m i n a l s )  and o u t  i n  t h e  

f i e l d .  Extended per iods o f  equipment outage i n  t h e  e x t r a c t i o n  o i l  systems, 

u s u a l l y  associated w i t h  pump (motor) i n v e r t e r  and winding temperature 

i n d i c a t i o n  problems, heat exchanger leaks,  and improper b o i l e r  water chemistry 

u s u a l l y  r e s u l t e d  i n  one o f  t h e  two t r a i n s  being unava i l ab le  f o r  se rv i ce .  

l i m i t e d  amount o f  thermal storage two t r a i n  e x t r a c t i o n  and t u r b i n e  admission 

steam t e s t i n g  was accomplished as a p a r t  o f  t h e  Mode 6 t e s t  program. 

Dur ing t h e  Mode 6 t e s t  program, t e s t s  were  conducted p r i m a r i l y  

A 

W i t h i n  Mode 6 operat ion,  t h e r e  a r e  two c o n t r o l  s t r a t e g i e s  which were employed 

t o  r e g u l a t e  t h e  thermal storage steam generator(  s )  . I n  " f l o w "  c o n t r o l ,  t h e  

thermal storage steam generator suppl ies a f i x e d  admission steam f l o w  t o  t h e  

t u r b i n e .  Turbine generator e l e c t r i c a l  ou tpu t  then va r ies  i n  response t o  

changes i n  se tpo in ts .  I n  llloadll c o n t r o l ,  t h e  admission steam f l o w  from t h e  

steam generator i s  modulated t o  produce a f i x e d  e l e c t r i c a l  output .  I n  t h i s  

s t ra tegy ,  i f  two e x t r a c t i o n  t r a i n s  a r e  i n  serv ice,  one t r a i n  would be 

opera t i ng  i n  " f l o w "  c o n t r o l  w h i l e  t h e  second t r a i n  would be opera t i ng  t h e  

" load"  c o n t r o l .  

For e i t h e r  o f  t h e  c o n t r o l  s t r a t e g i e s ,  t h e  t u r b i n e  admission steam c o n t r o l  

valves modulate t o  c o n t r o l  admission steam pressure. I n  a c t u a l i t y ,  t hey  

c o n t r o l  bo th  t h e  thermal storage steam generator  pressure and t h e  steam 

pressure l eav ing  t h e  l a s t  t u r b i n e  h i g h  pressure stage ( immediately upstream o f  

t h e  t u r b i n e  admission c o n t r o l  va lves)  enroute t o  t h e  low pressure t u r b i n e  

stages. Admission steam temperature i s  c o n t r o l l e d  by d i v e r t i n g  h o t  C a l o r i a  t o  
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t h e  dedicated superheater (see F igure  3.2). O i l  f l o w  i s  modulated i n  d i r e c t  

response t o  discharge steam temperature. The balance of t h e  C a l o r i a  f lows 

d i r e c t l y  t o  t h e  steam generator i n  response t o  e i t h e r  steam f l o w  o r  e l e c t r i c a l  

load c o n t r o l  s igna ls .  

The process cond i t i ons  appropr ia te  t o  Mode 6 a r e  an admission steam 

temperature o f  approximately 525°F and a pressure o f  370 p s i  a t  t h e  admission 

steam pressure c o n t r o l  sensor immediately upstream o t  t h e  admission steam s top  

valve. 

370 p s i ,  t h e  t u r b i n e  admission steam c o n t r o l  valves have t h e i r  g rea tes t  

p o s s i b l e  c o n t r o l  range. If lower admission steam pressures a re  selected, t h e  

t u r b i n e  c o n t r o l  valves r a p i d l y  reach a f u l l  open c o n d i t i o n  and can no longer 

c o n t r o l  pressure. I n  o rde r  t o  ma in ta in  admission steam f l o w  i n  e i t h e r  " t l ow"  

c o n t r o l  o r  load" c o n t r o l  s t r a t e g y  under t h i s  cond i t i on ,  t h e  therma I storage 

steam generator pressure wou I d  'It l o a t "  i n  an uncont ro l  led manner. 

By ma in ta in ing  t h e  pressure a t  o r  near t h e  design opera t ing  value o f  

3.1.1 Mode 6 Cont ro l  

The TSS e x t r a c t i o n  subsystem i s  c o n t r o l l e d  by one o f  t h r e e  d i f f e r e n t  c o n t r o l  

schemes: "f ' low" c o n t r o l ,  "pressure" c o n t r o l ,  o r  gross e l e c t r i c a  I generator 

" load"  c o n t r o l .  I n  add i t i on ,  a u x i l i a r y  b lanke t  steam can be provided by us ing  

t h e  a u x i l i a r y  e x t r a c t i o n  o i l  pump loop. The amount o f  steam generated i s  

regu la ted  by t h e  amount o f  o i l  c i r c u l a t e d  through t h e  bo i  l e r .  

c o n t r o l  i s  maintained by t h e  amount o f  o i l  c i r c u l a t e d  through t h e  superheater 

sec t i on  o f  t h e  steam generator.  Two separate t r a i n s  a re  requ i red  t o  p rov ide  

t h e  turndown r a t i o  over t h e  opera t i ng  range. Associated w i t h  each t r a i n  a re  

o i l  f l u i d  pumps t o  c o n t r o l  t h e  o i l  c i r c u l a t i o n ,  c o n t r o l s  f o r  t h e  steam t low,  

pressure, and temperature, c o n t r o l s  f o r  t h e  b o i l e r  condensate l eve l ,  and 

c o n t r o l s  f o r  genera t ing  aux i  I ' i a ry  b lanke t  steam. 

Temperature 

"Pressure" c o n t r o l  i s  used 
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d u r i n g  t h e  t r a n s i t i o n  t o  Mode 6 ope ra t i on  and f o r  generat ing a u x i l i a r y  b lanke t  

steam, but ,  du r ing  Mode 6 operat ion,  pressure c o n t r o l  i s  prov ided by t h e  

t u r b i n e .  

The e x t r a c t i o n  b o i l e r  o i l  c o n t r o l  valves (PV3702, PV3802) can be operated i n  

any o f  3 c o n t r o l  modes. The 3 c o n t r o l  modes a r e  " f l ow , "  "pressure," and 

t u r b i n e  e l e c t r i c a l  l'loadll c o n t r o l .  The c o n t r o l  mode can be se lected by t h e  

operator .  I n  t h e  " f l o w "  c o n t r o l  mode, t h e  steam f l o w r a t e  ou t  o f  t h e  

e x t r a c t i o n  superheater f o r  each t r a i n  

c o n t r o l  va l ve  PV3702/PV3802. The f l o w  loop feedback i s  c a l c u l a t e d  from t h e  

measured steam f l o w r a t e  (F13715/FI3815 o u t  o f  t h e  e x t r a c t i o n  superheater and 

t h e  enthalpy o f  t h e  superheated steam. I n  t h e  "pressure" c o n t r o l  mode, 

redundant measurements o f  t h e  e x t r a c t i o n  b o i l e r  o u t l e t  pressure a r e  h i g h  

se lec ted  t o  p rov ide  t h e  s i n g l e  feedback s i g n a l  (PI3702/PI3802) t o  t h e  pressure 

c o n t r o l l e r .  This s i g n a l  i s  a l s o  used i n  t h e  a u x i l i a r y  o i l  f l o w  - pressure 

c o n t r o l l e r .  I n  t h e  t u r b i n e  lt load" c o n t r o l  mode, t h e  t u r b i n e  load, JT5100 i s  

f ed  back f o r  comparison t o  t h e  load s e t p o i n t  by t h e  load c o n t r o l l e r  t o  

p o s i t i o n  t h e  e x t r a c t i o n  o i l  c o n t r o l  valve.  

s c o n t r o l l e d  by modulat ing t h e  o i l  

The o u t l e t  steam temperature o f  each e x t r a c t i o n  t r a i n  i s  c o n t r o l l e d  by 

r e g u l a t i n g  t h e  amount o f  o i l  c i r c u l a t e d  through each superheater. The 

c o n t r o l l e r  cons i s t s  o f  an i n n e r  f l o w  loop w i t h  t h e  superheater o i l  f l o w  

(FT3712/FT3812) f e d  back t o  t h e  f l o w  loop c o n t r o l l e r  which p o s i t i o n s  t h e  

temperature c o n t r o l  va l ve  (TV3710/TV3810). The o u t e r  temperature loop feeds 

back t h e  h i g h  s e l e c t  (T13710/TI3810) o f  t h e  steam o u t l e t  temperature f o r  

comparison t o  t h e  steam temperature s e t p o i n t  (nomina l l y  540°F). The 

temperature e r r o r  i s  acted upon by t h e  temperature c o n t r o l l e r  and m u l t i p l i e d  

by a v a r i a b l e  g a i n  which i s  a f u n c t i o n  o f  superheater o i l  f l ow .  The commanded 



o i l  f l ow  due t o  t h e  temperature e r r o r  i s  combined w i th  t h e  feed forward 

commanded o i l  f l o w  which i s  approximately 35 percent  o f  t h e  main o i l  f l o w  

(FT3706/FT3806) t o  p rov ide  t h e  cascaded o i l  f l o w r a t e  s e t p o i n t .  The main o i l  

f l o w  and t h e  superheater o i l  f l o w  a r e  both fed  through f u n c t i o n  generators t o  

remove t h e  f l o w  b ias  a t  zero f l o w  f o r  mon i to r i ng  purposes o n l y  (FI3712, 

ad justed superheater o i l  f l o w  and FI3706, ad justed main o i l  f l o w ) .  

The water l e v e l  i n  each e x t r a c t i o n  b o i l e r  i s  c o n t r o l l e d  t o  a constant  l e v e l  by 

modulat ing t h e  feedwater c o n t r o l  va lve (LV3505, LV3605). The va l ve  i s  

pos i t i oned  i n  response t o  t h e  l e v e l  e r r o r  and t h e  d i f f e r e n c e  between t h e  

e x t r a c t i o n  steam f l o w  (FI371WFI3815) e x i t i n g  t h e  b o i l e r  and t h e  f l o w  o f  water 

i n t o  t h e  b o i l e r  (FI3504/FI3604). The e x t r a c t i o n  o i l  pump speed f o r  each t r a i n  

i s  va r ied  i n  response t o  o i l  f l o w  demand t o  ma in ta in  e i t h e r  t h e  main o i l  

valve, PV3702/PV3802, o r  t h e  superheater steam temperature c o n t r o l  valve,  

TV3710/TV3810, a t  a command p o s i t i o n  o f  80 percent  open. The commanded 

p o s i t i o n s  o f  t h e  main o i l  va lve and t h e  superheater temperature c o n t r o l  va lve 

a r e  h igh  se lected so t h a t  t h e  f l o w  path w i t h  t h e  h ighes t  demand w i l l  c o n t r o l  

t h e  pump. 

1 oads . 
This c o n t r o l  scheme reduces pump pressure losses and p a r a s i t i c  

3.1.2 Mode 6 I n i t i a t i o n  

Mode 6 ope ra t i on  i s  t y p i c a l l y  i n i t i a t e d  by t r a n s i t i o n s  f rom Mode 8 ( i n a c t i v e )  

through steam generator s t a r t  up and t u r b i n e  generator s t a r t  up, a l though 

t r a n s i t i o n s  f rom Mode 3 o r  Mode 4 a r e  a l s o  poss ib le .  

and equipment operat ion were developed d u r i n g  t h e  Mode 6 t e s t  program. 

Thermal storage e x t r a c t i o n  system s t a r t  up may be i n i t i a t e d  by SDPC automation 

sequences, w h i l e  t u r b i n e  s t a r t  up and generator synchronizat ion i s  an operator  

c o n t r o l l e d ,  manual procedure. 

The sequence o f  events 
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3.1.2.1 E x t r a c t i o n  System S t a r t  Up 

The e x t r a c t i o n  t r a i n  WARM sequence i s  used t o  begin i n i t i a l  heat  up o f  t h e  

superheater and b o i l e r  us ing t h e  a u x i l i a r y  o i l  pump, P305. The WARM sequence 

i s  s i m i l a r  t o  t h e  a u x i l i a r y  steam sequence except i t  does n o t  implement t h e  

a u x i l i a r y  feedwater pump, P904. I n i t i a t i n g  t h e  WARM sequence a l i g n s  t h e  

e x t r a c t i o n  main o i l  va l ve  c o n t r o l l e r s  and commands t h e  va l ve  30 percent  open, 

commands t h e  superheater steam temperature c o n t r o l  va l ve  t o  manual 30 percent  

open, puts  t h e  e x t r a c t i o n  o i l  pump c o n t r o l l e r s  i n  manual and outputs  two 

analog commands t o  ILS. 

s t a r t  t h e  a u x i l i a r y  o i l  pump P305. 

which pu ts  t h e  a u x i l i a r y  o i l  f l o w  steam pressure c o n t r o l l e r  i n  manual, open 85 

percent  t o  a l l o w  t h e  steam pressure t o  r i s e .  

pressure PI3714/PI3814 exceeds 205 p s i ,  ILS sends an analog command of 100 

percent  t o  sw i t ch  PCM3910 t o  auto. The pressure s e t p o i n t  f o r  PCM3910 w i l l  be 

s e t  t o  t h e  opera t i ng  pressure w i th  t h e  PV t r a c k i n g  op t i on .  

ILS w i l l  a l i g n  t h e  e x t r a c t i o n  t r a i n  b lock valves and 

ILS sends an analog command o f  85 percent  

When t h e  superheater o u t l e t  

The RUN sequence w i l l  i n t e r f a c e  w i th  I L S  t o  p r o p e r l y  a l i g n  t h e  valves f o r  

us ing  t h e  main o i l  pump, P303/P304, and shutdown t h e  a u x i l i a r y  o i l  pump P305. 

I n i t i a t i n g  t h e  run sequence w i l l  a l i g n  t h e  main o i l  va l ve  (PV3702/PV3802) and 

t h e  superheater steam temperature c o n t r o l  va l ve  (TV3710/1V3810) 30 percent  

open and 70 percent  open, r e s p e c t i v e l y ,  and ma in ta in  t h e  e x t r a c t i o n  oil pump 

c o n t r o l l e r s  i n  manual u n t i l  t h e  superheater o i l  f l o w  and b o i l e r  o u t l e t  

pressure increase. When t h e  superheater o i l  f l o w  r a t e  FI3712/F13812 exceeds 

50K LBH and t h e  b o i l e r  o u t l e t  pressure PI3702/PI3802 exceeds 220 ps ig ,  t h e  

main o i l  c o n t r o l l e r  w i l l  be switched t o  auto i n  pressure c o n t r o l  w i t h  PV 

t r a c k i n g .  

steam o u t l e t  temperature f l ow  loop t o  auto w i t h  t h e  temperature c o n t r o l l e r  i n  

manual w i t h  an ou tpu t  of 30 percent.  A t  t h i s  p o i n t  t h e  e x t r a c t i o n  t r a i n  i s  i n  

The o i l  pump c o n t r o l l e r  i s  switched t o  au to  and t h e  superheater 



pressure c o n t r o l  supply ing admission steam and ready f o r  t u r b i n e  

admission steam f l o w  increases t o  17.7 KLBH, and t h e  superheater 

temperature reaches 51OoF, t h e  steam temperature c o n t r o l l e r  w i l l  

automatic temperature c o n t r o l  and t h e  RUN sequence l o g i c  outputs  

f y  ILS t o  c lose  t h e  vent valves AOV3 s i g n a l  o f  99 percent  t o  n o t  

t h e  TSS f l a s h  tank. 

3.1 . 2 . 2  Turbine Generator S t a r t  Up 

r o l l .  When 

steam o u t l e t  

sw i t ch  t o  

an analog 

18/AOV3117 t o  

Dur ing t h e  course o f  t h e  two year p l a n t  t e s t  and e v a l u a t i o n  program, t h e  

t u r b i n e  e x h i b i t e d  a se r ies  o f  ope ra t i ona l  problems which i nvo l ved  r o l l i n g  t h e  

u n i t  on admission steam. 

t r a n s i t i o n  t o  Mode 6 as w e l l  as t h e  t r a n s i t i o n  from Mode 5 t o  Mode 4. I n  both 

cases, t h e  t r a n s i t i o n s  i nvo l ved  b r i n g i n g  t h e  t u r b i n e  generator  on l i ne .  

These problems emerged as p a r t  o f  t h e  s t a r t u p  

I n  o rde r  t o  understand t h e  na tu re  o f  these problems as w e l l  as both t h e  

c o r r e c t i v e  ac t i ons  attempted d u r i n g  t h e  course o f  t h e  t e s t  program and t h e i r  

ope ra t i ona l  impacts, i t  i s  app rop r ia te  t o  review t h e  bas ic  fea tu res  o f  t h e  

t u r b i n e  as w e l l  as t h e  i n i t i a l l y  intended opera t i ng  procedure. F igu re  3.3 

shows a s i m p l i f i e d  schematic o f  t h e  t u r b i n e .  It shows t h e  r e l a t i v e  l o c a t i o n s  

o f  t h e  main and admission steam l i n e  pene t ra t i ons  as w e l l  as t h e  l o c a t i o n s  o f  

t h e  s top and c o n t r o l  valves f o r  each steam l i n e .  

t h a t  t he  t u r b i n e  i s  i n t e r n a l l y  d i v i d e d  i n t o  a h igh  pressure (HP) and low 

pressure (LP)  sec t i on  by an i n t e r n a l  b a r r i e r .  The s h a f t  runs t h e  e n t i r e  

l e n g t h  of t h e  t u r b i n e  and penetrates through t h e  i n t e r n a l  b a r r i e r .  

seal  i s  provided a t  t h e  b a r r i e r  t o  minimize steam leakage between t h e  h i g h  and 

low pressure sect ions and a packing steam dump va lve  i s  inc luded t o  d i v e r t  

packing leakage t o  t h e  condenser. Th is  va l ve  i s  intended t o  open i n  t h e  event 

o f  a t u r b i n e  t r i p  t o  dump trapped steam which would otherwise cont inue t o  

The schematic a l s o  shows 

A s h a f t  
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expand through t h e  t u r b i n e  and could p o t e n t i a l l y  cause a t u r b i n e  over speed 

cond i t i on .  

c o n t r o l  valves. 

The dump valve i s  t r i g g e r e d  open by c losu re  o f  t h e  admission steam 

. 
It i s  a l s o  impor tant  t o  note t h e  i n t e r n a l  steam f l o w  path through t h e  

t u r b i n e .  

t h e  upstream s ide  o f  t h e  admission steam c o n t r o l  valves.  The steam then 

passes through t h e  c o n t r o l  valves and i n t o  t h e  low pressure sec t i on  o f  t h e  

t u r b i n e .  

s i d e  of t h e  admission steam c o n t r o l  valves, t h e  h i g h  pressure s e c t i o n  o f  t h e  

t u r b i n e  i s  pressur ized t o  f u l l  admission steam pressure when t h e  t u r b i n e  i s  

ope ra t i ng  e x c l u s i v e l y  on admission steam. 

A l l  steam contained i n  t h e  t u r b i n e  h i g h  pressure s e c t i o n  f lows t o  

Since t h e  admission steam l i n e  enters  t h e  t u r b i n e  on t h e  upstream 

When r o l l i n g  and synchroniz ing t h e  t u r b i n e  on admission steam, t h e  t u r b i n e  was 

designed t o  u t i l i z e  t h e  admission steam c o n t r o l  valves t o  ma in ta in  t u r b i n e  

speed c o n t r o l .  A t  t h a t  t ime, t h e  t u r b i n e  h igh  pressure s e c t i o n  i s  pressur ized 

t o  admission steam pressure w h i l e  f l o w  i n t o  t h e  low pressure s e c t i o n  i s  

regulated by t h e  c o n t r o l  valves.  This  i s  a pe r iod  o f  maximum d i f f e r e n t i a l  

pressure between t h e  upstream and downstream s i d e  o f  t h e  i n t e r n a l  separat ion 

b a r r i e r .  Dur ing t h i s  operat ion,  t h e  v a r i a b l e  p o s i t i o n  admission steam stop 

va l ve  i s  commanded t o  a f u l l  open p o s i t i o n .  

When t h e  f i r s t  t u r b i n e  r o l l  on admission steam was attempted i n  August 1982, a 

s i g n i f i c a n t  ope ra t i ng  problem emerged. As t h e  admission steam stop va l ve  was 

opened a l l o w i n g  steam pressure t o  b u i l d  i n  t h e  t u r b i n e  h igh  pressure sect ion,  

t h e  t u r b i n e  accelerated o f f  t h e  t u r n i n g  gear i n  an uncon t ro l l ed  fashion even 

though t h e  c o n t r o l  valves were f u l l y  closed. A f t e r  v e r i f y i n g  t h a t  t he  c o n t r o l  

valves were i n  f a c t  c losed and seated, t h e  cause o f  t h e  problem was i d e n t i f i e d  
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as leakage pas t  t h e  s h a f t  sea l  and i n t o  t h e  low pressure s e c t i o n  o t  t h e  

t u r b i n e .  The i n f l u e n c e  o t  t h e  leakage cou ld  be reduced somewhat by opening 

t h e  packing dump va lve  t o  t h e  condenser. The dominant e f f e c t  o t  t h i s  a c t i o n  

however was t o  s i g n i f i c a n t l y  inc rease t h e  consumption o t  admission steam. 

A f t e r  a t tempt ing  a s e r i e s  o f  a l t e r n a t e  opera t i ng  procedures, i t  was concluded 

t h a t  r o l l i n g  t h e  t u r b i n e  us ing  t h e  v a r i a b l e  p o s i t i o n  s top  va lve  f o r  speed 

c o n t r o l  presented t h e  bes t  hope f o r  s o l v i n g  t h i s  problem s h o r t  o f  redes ign ing  

t h e  sea l  and disassemblying t h e  t u r b i n e  f o r  i t s  i n s t a l l a t i o n .  I n  t h i s  rev i sed  

approach, t h e  admission steam c o n t r o l  valves were opened p r i o r  t o  t u r b i n e  r o l l  

and t h e  t u r b i n e  was acce le ra ted  by g r a d u a l l y  opening t h e  s top  va lve .  

way, t h e  m a j o r i t y  of t h e  steam pressure drop occurred across t h e  s top  va lve  

w i t h  a s u b s t a n t i a l l y  reduced pressure e x i s t i n g  i n  t h e  t u r b i n e  h i g h  pressure 

s e c t i o n  and v i r t u a l l y  no pressure d i f f e r e n t i a l  o c c u r r i n g  across t h e  s h a f t  sea l  

I n  t h i s  

As t h e  t u r b i n e  approached synchronous speed, one o f  two approaches cou ld  be 

used. Manual ope ra t i on  o f  t h e  s top  va lve  cou ld  cont inue through t h e  

synchron iza t ion  and i n i t i a l  l oad ing  phases fo l l owed  by a t r a n s f e r  o t  t h e  

t u r b i n e  c o n t r o l  t o  t h e  admission steam c o n t r o l  valves.  The second approach 

invo lved  t r a n s f e r r i n g  c o n t r o l  t o  t h e  admission steam c o n t r o l  valves 

immediately p r i o r  t o  synchron iz ing  and load ing  t h e  t u r b i n e .  I n  t h i s  way 

normal t u r b i n e  speed/load c o n t r o l  f unc t i ons  cou ld  be u t i l i z e d  which were 

i n h e r e n t l y  super io r  i n  ma in ta in ing  t u r b i n e  c o n t r o l  over  s t r i c t l y  manual 

ope ra t i on  o f  t h e  admission steam s top  valve.  

Several problems and concerns were i d e n t i f i e d  p e r t a i n i n g  t o  t h i s  a l t e r n a t e  

t u r b i n e  s t a r t u p  procedure. 

s q  i n  c ross-sec t ion)  presented s i g n i f i c a n t  d i f f i c u l t y  i n  p r o v i d i n g  t h e  f i n e  

F i r s t ,  t h e  l a r g e  s i z e  o f  t h e  s top  va lve  p l u g  (50 



steam f l o w  c o n t r o l  necessary f o r  p r e c i s e  t u r b i n e  speed c o n t r o l .  Second, i t  i s  

i n  general  n o t  a normal p r a c t i c e  t o  use a s top  va l ve  f o r  c o n t r o l  p r i m a r i l y  o u t  

o f  concern f o r  p lug  and seat eros ion which could damage t h e  va lve and prevent 

i t  from p r o v i d i n g  t h e  necessary t i g h t  s h u t o f f  i n  t h e  event o f  a t u r b i n e  t r i p .  

I n  o rde r  t o  a l l e v i a t e  these concerns, an a l t e r n a t e  s top va lve p l u g  design was 

developed which incorporated t h r e e  1 sq i n  poppet valves i n t o  t h e  50 sq i n  

plug. As t h e  stop va lve began t o  open, t h e  va lve stem would f i r s t  l i f t  the  

poppet valves fo l lowed by a l i f t i n g  o f  t h e  main plug. The poppet valves were 

designed t o  p rov ide  s u f f i c i e n t  steam f l o w  t o  r o l l ,  synchronize, and i n i t i a l l y  

load t h e  t u r b i n e .  

speed/load cont inued however t o  be a manual (ope ra to r  c o n t r o l l e d )  operat ion.  

This  rev ised s top va lve design was i n s t a l l e d  and ready f o r  checkout du r ing  t h e  

f i r s t  week o f  March 1983. 

Contro l  o f  t h e  va l ve  p o s i t i o n  and r e s u l t i n g  t u r b i n e  

I n i t i a l  t e s t i n g  revealed t h a t  t u r b i n e  speed c o n t r o l  was f e a s i b l e  us ing t h e  

rev i sed  s top va lve design b u t  t h a t  t h e  manual c o n t r o l  d i a l  located i n  t h e  

c o n t r o l  room (10 t u r n  potent iometer)  was f a r  two s e n s i t i v e .  Typ ica l  d i a l  

s e t t i n g s  were 0.94 ( t u r b i n e  r o l l  o f f ) ,  0.96 (1000 rpm ho ld ) ,  0.975 (2000 rpm), 

and 1.25 (3000 rpm). This coarse response t o  very smal l  changes i n  d i a l  

p o s i t i o n  forced t h e  operators t o  approach t h i s  ope ra t i on  w i t h  a g r e a t  deal  o f  

cau t i on  and requ i red  them t o  develop s u b s t a n t i a l  f inesse.  It was n o t  unusual 

f o r  operators t o  t a p  t h e  c o n t r o l  knob s l i g h t l y  t o  achieve a change o f  50 t o  

100 rpm i n  t u r b i n e  speed. 

Dur ing t h i s  t e s t  t ime, data were gathered regard ing t h e  r e l a t i v e  m e r i t s  o f  

synchroniz ing and loading t h e  t u r b i n e  w i t h  t h e  s top va lve versus f i r s t  

t r a n s f e r r i n g  c o n t r o l  t o  t h e  c o n t r o l  valves and synchroniz ing and load ing  t h e  
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u n i t  as o r i g i n a l l y  planned. 

speed w i t h  t h e  s top valve, i t  became t h e  p r e f e r r e d  approach t o  t r a n s f e r  

c o n t r o l  t o  t h e  c o n t r o l  valves as soon as p o s s i b l e  (approx imate ly  3500 rpm) and 

move t h e  s top va lve t o  a f u l l  open p o s i t i o n .  Since t h e  c o n t r o l  valves 

operated a t  a n e a r l y  f u l l  c losed p o s i t i o n  once t h e  t r a n s f e r  was made, t h e  

packing steam dump va lve  would be t r i g g e r e d  open thereby s i g n i f i c a n t l y  

i nc reas ing  t h e  admission steam demand t o  ma in ta in  t u r b i n e  speed. This 

requ i red  t h a t  t h e  c o n t r o l  valves move t o  a more open p o s i t i o n  which released 

t h e  dump va lve  t o  rec lose.  This  r e c l o s u r e  caused t h e  c o n t r o l  valves t o  c lose  

back down which i n  t u r n  reopened t h e  packing dump valve.  

ope ra t i on  caused s u b s t a n t i a l  b o i l e r  f l o w  and pressure o s c i l l a t i o n s  t o  t h e  

p o i n t  where b o i l e r  o r  t u r b i n e  ( low superheat) t r i p s  were common occurrences 

immediately p r i o r  t o  synchronizat ion.  The c y c l i c  behavior  cont inued u n t i l  a 

s u f f i c i e n t  load was assumed by t h e  t u r b i n e  so t h a t  t h e  admission steam c o n t r o l  

valves were opera t i ng  i n  a more open p o s i t i o n  r e l a t i v e  t o  t h e  opening t r i g g e r  

p o i n t  f o r  t h e  packing steam dump valve.  

Due t o  t h e  extreme s e n s i t i v i t y  i n  c o n t r o l l i n g  

This c y c l i c  va l ve  

As a r e s u l t  o f  these a d d i t i o n a l  problems, General E l e c t r i c  engineers rev i sed  

b o t h  t h e  s top va lve c o n t r o l  c h a r a c t e r i s t i c s  and t h e  a c t i v a t i o n  o f  t h e  packing 

steam dump valve.  The rev i sed  n o n l i n e a r  s top  va l ve  c o n t r o l  c h a r a c t e r i s t i c s  

r e s u l t e d  i n  much b e t t e r  t u r b i n e  speed c o n t r o l  a t  low f l o w .  The rev i sed  

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

approximately 3 and a 1 /2 - i n  t o t a l  steam t r a v e l  by d i a l  p o s i t i o n  9. This 

would o n l y  a f f e c t  t h e  poppet va l ve  opera t i on  w h i l e  n o t  y e t  l i f t i n g  t h e  f u l l  

s top  va l ve  p lug.  The remaining d i a l  r o t a t i o n  f rom p o s i t i o n  9 t o  10 

accomplished t h e  balance o f  t h e  stem t r a v e l  t o  t h e  f u l l  open 3-15/16 i n  

p o s i t i o n .  Adjustments made t o  t h e  packing steam dump va lve  l o g i c  requ i red  

t h a t  t h e  admission steam c o n t r o l  valves be d r i v e n  t o  a s l i g h t l y  "over c losed" 
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condition prior to activating the dump valve. 

cycling between the control valves and the packing dump valve. 

were accomplished during mid-December 1983. 

This prevented the mutual 

These changes 

As a result of these changes, fairly well behaved turbine roll, 

synchronization, and loading operations using admission steam were 

demonstrated. The baseline operating approach continued to involve transfer 

to admission steam control valve operation prior to synchronization of the 

unit and motion of the stop valve to a full open position. 

these final changes were made well after most of the Mode 6 and Mode 4 

transition testing and operator training had been completed. 

Unfortunately 

At the time of this writing, a dialogue continues between Southern California 

Edison and General Electric regrading the ultimate resolution of this turbine 

seal issue. In addition, since the original procurement contract specified an 

automatic admission steam roll and acceleration control feature, discussions 

also focus on how this capability may be transferred to the admission steam 

stop valve position controller. 

3.1.3 Mode 6 Termination 

3.1.3.1 Extraction System Shutdown 

To shutdown the extraction trains when supplying admission steam, the stop 

sequence automation is initiated. This comnands the superheater steam 

temperature control valve (TV3710/TV3810) and the extraction main oil valve 

(PV3702/PV3802) closed to cool the boiler(s), and commands the boiler level 

control valve (LV3505/LV3605) closed and the oil pump controllers to manual. 

Analog commands are also sent to ILS to shutdown the main oil pumps P303/P304 

and to close the extraction train block valves. When P305 is off and the 
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block valves 3906 and 3905 a r e  closed, an analog command i s  sent t o  p u t  the 

auxi l iary steam pressure control ler  i n  manual, 85 percent open, t o  allow f o r  

o i l  expansion. As the pressure decays i n  the  t r a i n ,  I L S  will  close 

AOV3717/AOV3817 and AOV3117/AOV3118 when the pressure decreases t o  100 p s i .  

3.1.3.2 Turb ine  Generator Shutdown 

As the  extraction t r a i n s  a r e  shutdown (above), and the admission steam flow i s  

allowed t o  decrease, the turbine load wil l  gradually decay. Continued decay 

i n  turbine load will  r e s u l t  i n  a low-load turbine t r i p  and the u n i t  will  come 

off -1 ine. 

3.2 

The goals and objectives of the Mode 6 t e s t  program were t o  gather t e s t  data 

i n  three areas of plant operation f o r  subsequent analysis and comparison t o  

des ign  requirements as well as  t o  provide recommendations f o r  overall plant 

operation (specif ic  operating conditions w i t h i n  t he  Mode o r  Mode-to-Mode 

performance comparisons). 

start-up and t r ans i t i ons ,  and tr ips.  

Mode 6 Test Goals and Objectives 

The three areas were steady-state operation, 

3.2.1 Steady-State Operation 

The  goal of the steady-state operational t e s t ing  involved gathering su f f i c i en t  

data i n  order t o  make Mode 6 performance estimates. 

gather performance related data over a range of plant operating conditions, 

subject t o  reasonable plant operating l imi t s  i n  order t o  ident i fy  any f i r s t  

order s e n s i t i v i t i e s .  

comparisons between Mode 6 and other operating modes as  well as  identifying 

the  preferred Mode 6 operating conditions. 

were conducted, including a determination o f  the maximum Mode 6 e l e c t r i c a l  

power and t o t a l  energy capacity of the TSU. 

Attempts were made t o  

Measured performance values could t h e n  be used t o  make 

Both s ingle  and dual t r a i n  tests 
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3.2.2 Star t -up and T r a n s i t i o n s  

The goal  o f  Mode 6 s t a r t  up t e s t s  was t o  develop an opera t i ona l  t i m e l i n e ,  

based on equipment ope ra t i ona l  c h a r a c t e r i s t i c s  and l i m i t a t i o n s ,  which would 

minimize t h e  t ime requ i red  from establ ishment o f  o i l  f l ow  through t h e  steam 

generators t o  steady s t a t e  Mode 6 t u r b i n e  operat ion.  This  i nvo l ved  both 

s i n g l e  and dual e x t r a c t i o n  t r a i n  operat ion.  

The t r a n s i t i o n  t e s t i n g  i nvo l ved  t r a n s i t i o n s  bo th  t o  and f rom Mode 6, f rom two 

t r a i n  t o  one t r a i n  operat ion,  and va ry ing  steam f lows e i t h e r  through f l o w  s e t  

p o i n t  changes o r  as a r e s u l t  of load s e t  p o i n t  changes. The mode t r a n s i t i o n s  

t o  Mode 6 i nvo l ved  i n i t i a l  ope ra t i on  i n  e i t h e r  Mode 4 ( i n  l i n e  f l ow)  o r  Mode 3 

(s torage boosted) and s h u t t i n g  down t h e  thermal storage charging system o r  

t u r b i n e  operat ion on main steam, respec t i ve l y ,  t o  reach Mode 6. The 

t r a n s i t i o n  f rom Mode 6 i nvo l ved  s h u t t i n g  down t h e  thermal storage e x t r a c t i o n  

system t o  r e t u r n  t o  Mode 8 ( i n a c t i v e  - p l a n t  shutdown), phasing i n  main steam 

f l ow  t o  i n i t i a t e  Mode 3 (s torage boosted), o r  phasing i n  TSU charging 

opera t i on  t o  i n i t i a t e  Mode 4 ( i n - l i n e  f l ow) .  

T r a n s i t i o n i n g  t e s t i n g  w i t h i n  Mode 6 i nvo l ved  va ry ing  t h e  q u a n t i t y  o f  admission 

steam t o  t h e  t u r b i n e  by i nc reas ing  o r  reducing t h e  f l o w  o r  load s e t  p o i n t s  o r  

by a l l o w i n g  t h e  e x t r a c t i o n  system energy i n  t h e  TSU t o  n a t u r a l l y  decay. 

o b j e c t i v e s  of these t e s t s  were t o  g a i n  i n s i g h t  i n t o  t h e  o v e r a l l  p l a n t  response 

and c o n t r o l l a b i l i t y  as w e l l  as i d e n t i f y i n g  opera t i ona l  t h resho lds  and 

l i m i t a t i o n s  o f  i n d i v i d u a l  components and systems. 

The 

The c r i t i c a l  mode t r a n s i t i o n  issues i nvo l ved  demonstrat ing t h e  necessary 

manual ope ra t i on  sequences ( through t h e  Subsystem D i s t r i b u t e d  Process Contro l  

System) and developing t i m e l i n e  data which could be used i n  t h e  eva lua t i on  o f  
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Mode 6. 

automat ic c o n t r o l  sequences which were i n i t i a t e d  and c o n t r o l l e d  by t h e  

Operat ional  Contro l  System (OCS) t o  accomplish t r a n s i t i o n s  t o  o r  f rom Mode 6. 

It was beyond t h e  scope o f  t h e  Mode 6 t e s t  program t o  t e s t  any 

3.2.3 T r i p s  

The goal o f  t h e  t r i p  eva lua t i on  was t o  v e r i f y  t h a t  t h e  p l a n t  would cont inue t o  

operate i n  a lower l e v e l  mode f o l l o w i n g  a t r i p  c o n d i t i o n .  

e x t r a c t i o n  t r a i n  d u r i n g  dual t r a i n  ope ra t i on  should r e s u l t  i n  cont inued Mode 6 

opera t i on  whereas a TSS t r i p  should r e s u l t  i n  a t r a n s i t i o n  t o  p l a n t  shutdown. 

I n  t h e  event o f  a t u r b i n e  t r i p  d u r i n g  Mode 6 operat ion,  both t h e  e x t r a c t i o n  

system and t h e  t u r b i n e  would shutdown r e s u l t i n g  i n  a non opera t i ng  p l a n t .  

A t r i p  of a s i n g l e  

3.3 Mode 6 Design Summary 

Before d i scuss ing  p l a n t  t e s t  r e s u l t s  f o r  Mode 6 operat ion,  a rev iew o f  t h e  

bas i c  ope ra t i ng  range and performance p r e d i c t i o n s ,  which were developed as 

p a r t  o f  t h e  i n i t i a l  p l a n t  s i z i n g  and o v e r a l l  design a c t i v i t i e s ,  w i l l  be 

provided. With t h i s  in format ion,  i t  i s  p o s s i b l e  t o  make d i r e c t  comparisons t o  

a c t u a l  ope ra t i ng  data and t o  i d e n t i f y  areas o f  d iscrepancy o r  u n c e r t a i n t y .  

The Mode 6 design summary addresses t h e  water/steam and thermal s torage o i l  

p o r t i o n s  o f  t h e  p l a n t .  

D e t a i l e d  design data i n v o l v i n g  a c t u a l  s t a t e  p o i n t  c o n d i t i o n s  a t  var ious 

l o c a t i o n s  i n  t h e  water/steam and e x t r a c t i o n  o i l  systems a r e  shown i n  F igures 

3.4  and 3.5. The data contained i n  F igu re  3 .4  ( a  and b) represent  t h e  

p r e d i c t e d  p l a n t  ope ra t i ng  c h a r a c t e r i s t i c s  a t  maximum admission steam 

f l o w r a t e .  

t h e  system us ing two e x t r a c t i o n  t r a i n s .  

(a  and b) correspond t o  minimum design t u r b i n e  load d u r i n g  Mode 6 ope ra t i on  a t  

Note t h a t  t h i s  case represents  t h e  maximum design steam f l o w  f o r  

The design data shown i n  F igu re  3.5  
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low admission steam f low.  

thermal storage e x t r a c t i o n  heat exchanger t r a i n .  The r e l a t i v e  l o c a t i o n s  

w i t h i n  t h e  p red ic ted  Mode 6 opera t i ng  c h a r a c t e r i s t i c s  f o r  both o f  these design 

cases a r e  shown i n  F igure 3.6. They a r e  r e f e r r e d  t o  as "Mode 6-1" and "Mode 

6-2u, respec t i ve l y .  

correspond t o  admission steam cond i t i ons  o f  525OF and 385 p s i a  a t  t h e  t u r b i n e  

i n l e t .  

Th is  case corresponds t o  t h e  use o f  a s i n g l e  

It should a l s o  be noted t h a t  these design data cases 

F igu re  3.6 shows t h e  p red ic ted  v a r i a t i o n  i n  gross c y c l e  heat r a t e  over t h e  

Mode 6 operat ing range. 

l i s t e d  i n  t h e  f i g u r e .  Deviat ions from these assumptions would a l t e r  these 

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

assumptions t o  represent o f f -des ign operat ion,  no e f f o r t  was made t o  analyze 

o f f -des ign  cases as p a r t  o f  t h e  p l a n t  design a c t i v i t y .  

These p r e d i c t i o n s  were based on t h e  assumptions 

Due t o  t h e  m u l t i t u d e  o f  p o s s i b l e  combinations o f  these 

The pr imary f a c t o r  which i n f l uenced  t h e  p red ic ted  c y c l e  heat r a t e  v a r i a t i o n  a t  

low admission steam f l o w  invo lved  t h e  use o f  t h e  a u x i l i a r y  steam system. The 

design ana lys i s  assumed t h a t  t he  deaerator would be Ilpegged" a t  a pressure o f  

1 5  p s i .  Dur ing moderate t o  h i g h  t u r b i n e  f l o w  operat ion,  t h i s  "pegging" o f  t h e  

deaerator could be accomplished n a t u r a l l y  w i t h  t h e  normal t u r b i n e  e x t r a c t i o n  

func t i ons .  A t  low t u r b i n e  f lows,  however, i n s u f f i c i e n t  e x t r a c t i o n  pressure 

would be a v a i l a b l e  t o  supply t u r b i n e  steam t o  t h e  deaerator.  As a r e s u l t ,  t h e  

a u x i l i a r y  steam system was assumed t o  be a c t i v a t e d  t o  supply t h i s  "pegging1' 

steam w i t h  a corresponding pena l t y  ( increase)  i n  c y c l e  heat  r a t e .  

i s  shown i n  F igure 3.6 (upper curve). 

steam system i s  shown i n  F igure 3.7. 

o r  t u r b i n e  ex t rac t i ons ,  "pegging" steam must be suppl ied by t h e  a u x i l i a r y  

steam system through va lve PV1005 thereby reducing t h e  steam generator steam 

f l o w  t o  t h e  t u r b i n e .  

This  e f f e c t  

A s i m p l i f i e d  schematic o f  t h e  a u x i l i a r y  

Without steam from heat  recovery systems 
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I m p l i c i t  i n  t h e  p repara t i on  o f  t h e  (F igu re  3.6) was a constant  deaerator  

ope ra t i ng  pressure and temperature. 

t h e  proper  ope ra t i on  o f  t h e  thermal s torage e x t r a c t i o n  system which would draw 

i t s  feedwater supply d i r e c t l y  f rom t h e  deaerator.  Th i s  concern i s  i l l u s t r a t e d  

i n  F igu re  3 . 8 .  

between t h e  C a l o r i a  and t h e  water/steam i n  an e x t r a c t i o n  t r a i n .  

e x h i b i t s  t h e  "p inch p o i n t "  c h a r a c t e r i s t i c  o f  a heat  t r a n s f e r  process i n v o l v i n g  

a phase change such as ( i n  t h i s  case) feedwater conversion t o  superheated 

steam. 

This  assumption was based on concern f o r  

This  f iguretshows t h e  heat  t r a n s f e r  process assumed t o  occur 

The p l o t  

I n  o rde r  t o  s a t i s f y  t h e  laws of thermodynamics i n v o l v i n g  t h e  heat  t r a n s f e r  

process, a p o s i t i v e  temperature d i f f e r e n c e  must e x i s t  between t h e  C a l o r i a  

( r e j e c t i n g  heat)  and t h e  water/steam (absorbing heat) .  

"p inch p o i n t "  i s  t h e  zone where t h e  temperature d i f f e r e n c e  i s  o f  g r e a t e s t  

concern. I f  t h e  feedwater entered t h e  preheater  a t  a temperature much above 

t h e  25OOF assumed value, t h e  p inch  p o i n t  would approach a zero temperature 

d i f f e r e n t i a l .  

minimum opera t i ng  temperature. 

C a l o r i a  f l o w  requ i red  f o r  t h e  same heat t r a n s f e r  process and d i m i n i s h  t h e  

e f f e c t i v e  heat s t o r i n g  capac i t y  of t h e  thermal s torage system. 

It i s  c l e a r  t h a t  t h e  

I n  r e a l i t y ,  t h e  C a l o r i a  could n o t  be cooled down t o  t h e  425°F 

This  would correspondingly  increase t h e  

The opera t i ng  experience w i th  So la r  One showed t h a t  t h e  requirement o f  h o l d i n g  

a f i x e d  deaerator  temperature was n o t  necessary. Instead, t h e  deaerator  

pressure (and r e s u l t i n g  s a t u r a t i o n  temperature) was pe rm i t ted  t o  f l o a t  and 

seek i t s  own value based on n a t u r a l  c y c l e  operat ions.  

reasons f o r  t h i s .  

f o l l o w  t h e  i d e a l i z e d  counter f low process shown i n  F igu re  3 . 8 .  

i n d i v i d u a l  heat exchangers were s p e c i f i e d  t o  i n c l u d e  f o u l i n g  f a c t o r s  i n  t h e  

There a r e  two pr imary 

F i r s t ,  t h e  a c t u a l  heat t r a n s f e r  processes do n o t  e x a c t l y  

Second, t h e  
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, 

event of d e p o s i t i o n  f rom t h e  C a l o r i a  system. 

evidence o f  such depos i t i on  r e s u l t e d  i n  heat  exchangers w i t h  h i g h e r  

e f f e c t i v e n e s s  o r  g r e a t e r  capac i t y  than requ i red  by t h e  o r i g i n a l  p l a n t  design. 

I n  f a c t ,  i t  was p o s s i b l e  t o  coo l  t h e  C a l o r i a  down t o  approx imate ly  405’F 

d u r i n g  r o u t i n e  e x t r a c t i o n  operat ion.  

The f a c t  t h a t  t h e r e  was no 

3.4 Test Approach and C r i t i c a l  I ns t rumen ta t i on  

The approach t o  Mode 6 t e s t i n g  i nvo l ved  ga the r ing  s u f f i c i e n t  ope ra t i ona l  data 

such t h a t  bo th  t h e  steady s t a t e  and t r a n s i t i o n  r e l a t e d  t e s t  o b j e c t i v e s  

descr ibed i n  Sect ion 3.2 could be analyzed. Test t i m e  w i t h i n  each o f  t h e  

opera t i ng  modes was necessa r i l y  l i m i t e d  by o t h e r  p l a n t  ope ra t i ng  a c t i v i t i e s  

such as t u n i n g  o f  c o n t r o l  systems, developing opera t i ng  procedures, ga the r ing  

t e s t  data i n  o t h e r  ope ra t i ng  modes, developing requirements f o r  automatic 

sof tware,  and t e s t i n g  p l a n t  automation func t i ons .  Therefore,  e f f o r t s  were 

made t o  u t i l i z e  Mode 6 ope ra t i ng  t ime  as e f f i c i e n t l y  as poss ib le .  

As a p r e r e q u i s i t e  t o  any Mode 6 t e s t i n g  ( a l s o  approp r ia te  t o  Modes 3 ,  4, and 

7, which i nvo l ved  admission steam opera t i on ) ,  i t  was necessary t o  f i r s t  

e s t a b l i s h  a s u f f i c i e n t  charge i n  t h e  thermal s torage tank. 

some t ype  o f  charg ing opera t i on  be accomplished p r i o r  t o  planned e x t r a c t i o n  

t e s t s .  As a r e s u l t ,  extens ive e x t r a c t i o n  t e s t s ,  such as those which i nvo l ved  

Mode 6 operat ion,  requ i red  a minimum o f  two days when t h e  necessary charging 

opera t i on  was considered. This  i ssue  was f u r t h e r  compl icated by t h e  

compe t i t i on  f o r  s to red  energy from o t h e r  ope ra t i ng  modes i n v o l v i n g  e x t r a c t i o n  

opera t i on  and t h e  demand f o r  s to red  energy t o  support  t h e  b l a n k e t i n g  f u n c t i o n s  

requ i red  d u r i n g  n i g h t t i m e  o r  c loudy per iods.  

sunshine days o f  f a l l  and w in te r ,  which were no rma l l y  i n te rspe rsed  w i t h  c loudy 

per iods,  many days were o f t e n  dedicated t o  t h e  establ ishment o f  a s u f f i c i e n t  

This  requ i red  t h a t  

I n  f a c t ,  d u r i n g  t h e  l i m i t e d  



charge t o  conduct a meaningful t e s t  i n v o l v i n g  thermal s torage e x t r a c t i o n  

opera t i on  (such as requ i red  f o r  Mode 6).  

As a r e s u l t  o f  t h e  l i m i t e d  t ime  s p e c i f i c a l l y  dedicated t o  Mode 6 t e s t i n g ,  t h e  

m a j o r i t y  o f  t h e  t e s t  t ime was spent i n  those areas where t h e  p l a n t  could 

reasonably be expected t o  operate. 

t h e  use o f  a s i n g l e  e x t r a c t i o n  t r a i n .  

For Mode 6 operat ion,  t h i s  p r i m a r i l y  meant 

Dedicated t r i p  t e s t i n g  was n o t  c a r r i e d  o u t  as p a r t  o f  Mode 6 t e s t  program due 

t o  o t h e r  p l a n t  operat ing p r i o r i t i e s  and t h e  need t o  gather  meaningful Mode 6 

t e s t  data f o r  reasonable t ime  per iods once Mode 6 operat ions were 

establ ished.  Instead, p l a n t  responses were noted d u r i n g  n a t u r a l l y  occu r r i ng  

t r i p s  i n v o l v i n g  Mode 6. These separate t r i p  events inc luded t r i p s  o f  t h e  

thermal storage system (bo th  s i n g l e  and dual e x t r a c t i o n  t r a i n s  s imultaneously)  

and t h e  t u r b i n e  generator. I n  t h i s  way a l l  p o s s i b l e  t r i p  t r a n s i t i o n  l o g i c  

paths s h o r t  o f  complete p l a n t  t r i p  were demonstrated by n a t u r a l l y  occu r r i ng  

events. 

The Mode 6 data base was gathered du r ing  16 days o f  p l a n t  ope ra t i on  extending 

from December 1982 t o  October 1983. 

ope ra t i on  i n  Mode 6 occurred. This excluded per iods when t h e  p l a n t  may have 

been b r i e f l y  i n  Mode 6 as p a r t  o f  a t r a n s i t i o n  t o  o t h e r  ope ra t i ng  modes. O f  

t h e  16 opera t i ng  day data base f o r  Mode 6, t h e  m a j o r i t y  o f  t h e  data used f o r  

t h i s  r e p o r t  were gathered on 12 t e s t  days. 

ope ra t i ng  days was based on t o o  b r i e f  an opera t i ng  p e r i o d  t o  gather  meaningful 

data, c o n t r o l  system t roub leshoo t ing  and t u n i n g  which impacted t h e  

meaningfulness o f  t h e  data, o r  miss ing data due t o  problems w i t h  t h e  Data 

A c q u i s i t i o n  System. 

data base a r e  shown i n  Table 3.1. 

These were days d u r i n g  which dedicated 

The r e j e c t i o n  o f  t h e  remaining 

The 12 t e s t  days which served as t h e  bas is  o f  t h e  Mode 6 
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- TABLE 3.1 MODE 6 OPERATING DATA BASE 

DAY OF - DATE YEAR 

12/20/82 354 

2/25/83 056 

4/7/83 097 

4/13/83 103 

4/14/83 104 

5/4/83 124 

5/11/83 131 

5/18/83 138 

6/27/83 178 

6/28/83 179 

9/7/83 250 

10/14/83 277 

- MODE 5 DATA PERIOD 

16~30 - 1 6 ~ 3 5  (1) 

13:35 - 13~40 (2) 
14~04 - 14~09 (3) 

20~00 - 20~05 (4) 
20:12 - 20~17 (5) 
20~30 - 20:35 (6) 

17~30 - 17~31 (7) 
18:OO - 18~01 (8) 
18:30 - 18~31 (9) 

19~05 - 19~10 (10) 
20~05 - 20~10 (11) 

1 7 ~ 5 5  - 18:OO (12) 
19~40 - 19~45 (13) 
21~00 - 21~05 (14) 

19~00 - 19~05 (15) 
19~18 - 19~21 (16) 

15~30 - 1 5 ~ 3 5  (17) 
16~30 - 16~35 (18) 
17~30 - 17:35 (19) 
18~30 - 18~35 (20) 
19~30 - 19~35 (21) 
20.30 - 20.35 (22) 

17:OO - 17~05 (23) 
19~00 - 19~05 (24) 
2 1 ~ 2 5  - 21:30 (25) 
23.55 - 24~00 (26) 

02:OO - 02:05 (27) 
04~00 - 04~05 (28) 
06~00 - 06~05 (29) 
08:OO - 08~05 (30) 

14~30 - 14~35 (31) 
14~40 - 14:45 (32) 
14~55 - 15~00 (33) 
1 5 ~ 1 2  - 15~14 (34) 
1 5 ~ 1 6  - 15~18 (35) 
15~28 - 15:33 (36) 
1 5 ~ 5 5  - 16~00 (37) 
16:lO - 16:15 (38) 
17~14 - 17:19 (39) 

16~15 - 16~20 (40) 
16~45 - 16~50 (41) 
17:25 - 17~30 (42) 
1 7 ~ 5 5  - 18~00 (43) 
18~25 - 18:30 (44) 
19:OO - 19~05 (45) 
1 9 ~ 4 5  - 19~50 (46) 

-- COMMENT 

High power - dual  t r a i n  

Maximum power - dual  t r a i n  

S ing le  t r a i n  

S ing le  t r a i n  

S ing le  t r a i n  

Maximum power - s i n g l e  t r a i n  

S ing le  t r a i n  

High power - dual  t r a i n  
(maximum e x t r a c t i o n )  

S ingle  t r a i n  

Low power - a l l  n i g h t  run 
(maximum t ime t u r b i n e  
on-1 i ne) 

S ing le  t r a i n  

S ing le  t r a i n  
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The c r i t i c a l  i ns t rumen ta t i on  monitored d u r i n g  Mode 5 t e s t s  i s  shown i n  Figures 

3.1 and 3.2 as approp r ia te  t o  t h e  i n d i c a t e d  " a c t i v e "  f l o w  paths. For 

re ference purposes, t h e  f o l l o w i n g  t a g  i d e n t i f i c a t i o n  p r e f i x  conventions a r e  

used i n  these f i g u r e s :  

F I  Flow i n d i c a t i o n  

3 1  E l e c t r i c a l  power 

JIC E l e c t r i c a l  power 

PCM Pressure i n d i c a t i o n  

PE P lan t  e l e c t r i c a l  load (power) 

P I  Pressure i n d i c a t i o n  

PTX Pressure i n d i c a t i o n  

TEX Temperature i n d i c a t i o n  

T I  Temperature i n d i c a t i o n  

The f a c t  t h a t  t he re  a r e  m u l t i p l e  des ignat ions f o r  temperature i n d i c a t i o n s ,  

pressure i n d i c a t i o n s ,  and e l e c t r i c a l  power i s  due t o  t h e  func - ion  being serve( 

by a p a r t i c u l a r  sensor and t h e  computer system responsib le  f o r  r e c e i v i n g  and 

processing t h e  data. 

From a data q u a l i t y  and measurement accuracy s tandpoint ,  t h e  comments 

p e r t a i n i n g  t o  Mode 5 operat ion (as presented i n  Sect ion 2.4) a r e  a l s o  

approp r ia te  t o  t h i s  operat ing mode. The except ion i nvo l ves  t h e  thermal 

storage e x t r a c t i o n  steam flowmeters ( t a r g e t  type meters).  Un l i ke  t h e  charging 

steam f lowmeters descr ibed i n  Sect ion 2.4, t h e  e x t r a c t i o n  f lowmeters e x h i b i t e d  

much g r e a t e r  d u r a b i l i t y  and h ighe r  ope ra t i ona l  r e l i a b i l i t y .  Th is  was probably 

due t o  t h e  lower operat ing steam pressures and temperatures o f  t h e  e x t r a c t i o n  

system. 

which was bent backwards on several  occasions due t o  a f a i l u r e  o f  an adjacent  

steam check valve.  As i n  Mode 5 though, t h e  accuracy o f  t h e  steam f lowmeters 

was quest ionable.  

The except ion i nvo l ved  an e x t r a c t i o n  steam f lowmeter ( t a r g e t  s h a f t )  
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Before determin ing o v e r a l l  Mode 6 performance f a c t o r s ,  i t  was a l s o  necessary 

t o  evaluate t h e  thermal storage e x t r a c t i o n  process and i d e n t i f y  t h e  f l o w  

ins t rumen ta t i on  t o  be used as t h e  reference standard f o r  these performance 

c a l c u l a t i o n s .  I f  a l l  f l o w  ins t rumen ta t i on  (see F igu re  3.9) was working 

p roper l y ,  a good c o r r e l a t i o n  should e x i s t  between t h e  e x t r a c t i o n  o i l ,  

e x t r a c t i o n  (admission) steam, and b o i l e r  feedwater f l o w  (power) measurements. 

I n  rev iewing t h e  data, i t  was observed t h a t  t h e  e x t r a c t i o n  o i l  f l ows  

experienced more s i g n i f i c a n t  d is turbances (even a t  o r  near steady s t a t e  

steaming operat ions)  than e i t h e r  t h e  steam o r  b o i l e r  feedwater f low.  This  was 

because s i g n i f i c a n t  changes i n  i n p u t  thermal powers t o  t h e  steam generator and 

superheater were requ i red  t o  cause a s i g n i f i c a n t  bo i l e r / superhea te r  r e a c t i o n  

due t o  t h e  h i g h  thermal i n e r t i a  o f  t h e  e x t r a c t i o n  system. Also, because o f  

t h e  f l o w  s p l i t  between t h e  b o i l e r  and superheater, an increase i n  o i l  f l o w  t o  

one element could be o f f s e t  by a decrease i n  f l o w  t o  t h e  o t h e r  element w i t h  no 

n e t  change i n  thermal power d e l i v e r e d  t o  t h e  e x t r a c t i o n  t r a i n  and no change i n  

steam f l ow .  This  tendency f o r  t h e  o i l  f lows (measured downstream o f  t h e  

s p l i t )  t o  vary cont inuously  made i t  d i f f i c u l t  t o  achieve a reasonable 

s teady-state o i l  f l o w  c o n d i t i o n  (and thus makes t h e  o i l  f lowmeter data a 

quest ionable re ference f o r  engineer ing performance c a l c u l a t i o n s ) .  

Using t h e  a v a i l a b l e  o i l  s i d e  steady s t a t e  data, power c o r r e l a t i o n  comparisons 

were made aga ins t  t h e  measured e x t r a c t i o n  steam and b o i l e r  makeup water 

f lows.  

power c o r r e l a t i o n  between t h e  measured o i l  and steam s i d e  f lows.  The steam 

f lowmeter data a re  shown w i t h  (darkened symbols) and w i t h o u t  (open symbols) a 

*zero"  s h i f t  being app l i ed  t o  t h e  data.  The "zero' s h i f t  i s  de f i ned  as t h e  

i n d i c a t e d  steam f l o w  a f t e r  t h e  e x t r a c t i o n  t r a i n  was shutdown. It i s  a l s o  

F igu re  3.10 (reproduced f rom Reference 3 )  shows t h e  r e s u l t i n g  thermal 
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assumed t h a t  t he  same s h i f t  i n  meter output  e x i s t e d  d u r i n g  f l o w  cond i t i ons .  

Due t o  the r e s i d u a l  thermal energy contained i n  t h e  steam generators, and the  

p o s s i b i l i t y  o f  steam f l o w  due t o  leakage f o l l o w i n g  shutdown, i t  was d i f f i c u l t  

t o  i s o l a t e  an e l e c t r o n i c  s i g n a l  s h i f t  f rom a c t u a l  r e s i d u a l  f l ow .  The 

c o r r e l a t i o n  shows t h a t  a moderate amount of data s c a t t e r  e x i s t e d  and t h a t ,  i f  

t h e  zero s h i f t  was app l i ed  t o  reduce t h e  steady s t a t e  i n d i c a t e d  f low,  an 

e x t r a c t i o n  e f f i c i e n c y  of 50 t o  60 percent  would be c a l c u l a t e d  (based on these 

measurements). 

75 t o  80 percent  would be ca l cu la ted .  

I f  t h e  zero s h i f t  was n o t  appl ied,  an e x t r a c t i o n  e f f i c i e n c y  o f  

Based on experience w i th  i n s u l a t e d  heat exchangers, both o f  these two 

e x t r a c t i o n  e f f i c i e n c y  l e v e l s  a re  w e l l  below t h e  l e v e l  t h a t  would be expected. 

I f  these r e s u l t s  were co r rec t ,  20 t o  50 percent  o f  t h e  thermal power was 

r e j e c t e d  w h i l e  t h e  balance was used t o  d r i v e  t h e  t u r b i n e .  This  f r a c t i o n  

represents an excessive amount o f  " l o s t "  power which i s  i n c o n s i s t e n t  w i t h  t h e  

energy losses expected from t h e  thermal storage e x t r a c t i o n  system. 

l i k e l y  explanat ion i s  t h a t  e i t h e r  t h e  steam f lowmeters were i n d i c a t i n g  low o r  

t h a t  t h e  o i l  f lowmeters were i n d i c a t i n g  high. 

A more 

The steam flowmeters ( t a r g e t  type)  and data system were c a l i b r a t e d  f o r  an 

assumed nominal steam dens i t y  corresponding t o  530°F and 395 p s i .  For steam 

cond i t i ons  d i f f e r e n t  f rom t h i s  re ference cond i t i on ,  t h e  i n d i c a t e d  f l o w  values 

needed t o  be corrected by t h e  square r o o t  o f  t h e  d e n s i t y  r a t i o .  Since most 

admission steam operat ions were c a r r i e d  o u t  a t  pressures o f  250 t o  370 p s i ,  

s u b s t a n t i a l  data c o r r e c t i o n s  were requi red.  I n  a d d i t i o n ,  d u r i n g  operat ions a t  

low pressure ( l ow  dens i t y ) ,  t h e  f lowmeter ou tpu t  could reach a f u l l  sca le 

c o n d i t i o n  when the  a c t u a l  " c o r r e c t e d '  f l o w  was s i g n i f i c a n t l y  less.  Because o f  

t h i s  f a c t o r ,  i t  was n o t  unusual t o  have t h e  e x t r a c t i o n  steam f lowmeters 
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sa tu ra ted  ( i n d i c a t i n g  f u l l - s c a l e ) ,  making r e s u l t i n g  data o f  no use f o r  

engineer ing eva lua t i on .  

As an a l t e r n a t e  approach t o  e s t i m a t i n g  t h e  thermal power t r a n s f e r r e d  from t h e  

thermal storage e x t r a c t i o n  system t o  t h e  admission steam system, c o r r e l a t i o n  

data were prepared between t h e  e x t r a c t i o n  o i l  system and t h e  steam system, 

us ing  steam f l o w  c a l c u l a t i o n s  based on e x t r a c t i o n  b o i l e r  makeup feedwater 

f low. Dur ing steady s t a t e  operat ion,  t h e  b o i l e r  feedwater f l o w  should equal 

admission steam f l o w  ( s i n c e  t h e  b o i l e r  water  l e v e l  was maintained a t  a f i x e d  

s e t  p o i n t  value).  

F igu re  3.11 ( a l s o  reproduced f rom Reference 3) shows t h e  c o r r e l a t i o n  between 

steam s i d e  power based on b o i l e r  feedwater f l o w  and o i l  s i d e  power. These 

data i n d i c a t e ,  i n  agreement wi th  t h e  data i n  F igu re  3.10 w i t h o u t  t h e  "zero" 

s h i f t  appl ied,  t h a t  t he  e x t r a c t i o n  e f f i c i e n c y  was approx imate ly  80 percent .  

The low e x t r a c t i o n  e f f i c i e n c y  (- 80 percent)  again makes t h e  v a l i d i t y  o f  t h e  

i n d i c a t e d  measurements quest ionable,  w i t h  t h e  p o s s i b i l i t y  t h a t  t h e  o i l  f l o w  

measurements were t o o  h i g h  o r  t h e  feedwater f l o w  measurements were t o o  low. 

I n  o rde r  t o  c a l c u l a t e  thermal power, and per form subsequent Mode 6 performance 

analyses, i t  was necessary t o  s e l e c t  a reference steam f l ow .  The reference 

selected, based on t h e  above d iscuss ions,  was t h e  b o i l e r  feedwater f l ow .  This  

d e c i s i o n  was reached based on t h e  f a c t  t h a t  these measurements were, i n  

general,  more steady than t h e  o i l  f l o w  i n d i c a t i o n s  and t h e i r  use e l im ina ted  

t h e  "zero" s h i f t  i ssue  associated w i t h  t h e  opera t i on  o f  t h e  steam f lowmeters. 

I n  a d d i t i o n ,  s ince  t h e  w ide ly  v a r y i n g  admission steam pressures had l i t t l e  

i n f l u e n c e  on feedwater densi ty ,  and t h e  deaerator  temperature (source o f  t h e  

feedwater) was reasonably constant,  t h e  d e n s i t y  c o r r e c t i o n s  f o r  t h e  b o i l e r  

feedwater measurements were smal l  i n  comparison t o  t h e  c o r r e c t i o n s  requ i red  
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for the steam flow measurements. 

a full-scale indication (which occurred with the steam flowmeters) was not a 

factor with the boiler feedwater measurements. 

Also, the problem of the flowmeter reaching 

The fact that the calculated extraction efficiency was low, based on either 

the feedwater or steam flow measurements (Figures 3.10 and 3.11), indicates 

that the oil flow indications could have been high by approximately 15 to 20 

percent. This same conclusion was reached (see Section 2.4) in analyzing the 

charging oil flow measurements. A review was conducted of the calibration 

data for the individual turbine (rotor) flowmeters, the electronic set-up in 

the field, and the full scale data base values contained in the control and 

data system computers (which were used to convert signal levels to data in 

engineering units). 

apparent bias in the oil flowmeter data. 

At the present time no explanation exists for the 

3.5 Mode 6 Test Results 

The test results and supporting discussions in this section address the three 

areas o f  plant operation discussed in Section 3.2; plant start-up to Mode 6 as 

well as transitions to and from Mode 6 and transitions within Mode 6 (dual to 

single train, power steps, flow steps), performance aspects of steady-state 

plant operation in Mode 6 including a comparison of measured to predicted 

performance, and the effects of trips which occurred while operating in Mode 6 

3.5.1 Start-up and Transitions 

The sequence of events for plant start-up from Mode 8 (Inactive) to Mode 6 was 

developed during the Mode 6 test program. SDPC automation routines were 

developed to minimize operator activities, although the turbine operations 

continued to be manually initiated (as discussed in Section 3.1.2.2). The 
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3 .  

4 .  

5 .  

6. 

7 .  

s ta r t -up  sequence, combining a c t i v i t i e s  discussed i n  Sect ion 3.1.2, was as 

f 0 1 1 ows : 

1. Prewarm and s t a r t  t h e  thermal storage feedwater pump (P903). 

2. Execute a "warm" c y c l e  on t h e  se lected thermal storage e x t r a c t i o n  

t r a i n  us ing 'Ihot" o i l  c i r c u l a t e d  by t h e  a u x i l i a r y  o i l  pump (P305). 

Open admission steam l i n e  i s o l a t i o n  valves, d ra ins ,  and freeblow 

vents ( i f  requi red)  t o  warm steam l i n e  and e s t a b l i s h  a t  l e a s t  

5OoF superheat a t  t h e  t u r b i n e  admission steam stop valve.  

Sample admission steam and v e r i f y  compliance w i t h  steam chemistry 

s p e c i f i c a t i o n s .  

Execute a IIrun" c y c l e  on t h e  se lected thermal storage e x t r a c t i o n  

t r a i n .  

app rop r ia te  t o  t h e  se lected t r a i n  (P303/P304). 

R o l l  t h e  t u r b i n e  by manually c o n t r o l l i n g  t h e  admission steam stop 

va lve p o s i t i o n  ( c o n t r o l  valves wide open). 

Transfer t u r b i n e  r o l l  c o n t r o l  t o  t h e  c o n t r o l  valves and 

completely open t h e  s top va lve a t  a t u r b i n e  speed o f  

approximately 3500 rpm. 

8. Synchronize and load the  generator.  

9. 

Prewarm and s t a r t  t h e  main e x t r a c t i o n  o i l  pump 

Transfer  t h e  t u r b i n e  t o  admission steam pressure c o n t r o l .  

Star t -up o f  a s i n g l e  e x t r a c t i o n  t r a i n  and t r a n s i t i o n  i n t o  Mode 6, us ing the  

above sequence, i s  i l l u s t r a t e d  i n  F igure 3.12 (a, b, and c ) .  These f i g u r e s  

d e p i c t  a f i v e  hour t ime per iod,  s t a r t i n g  a t  12:30 PM on 7 September 1983, 

d u r i n g  which t h e  p l a n t  was operated i n  Hode 6 w i t h  a number o f  power steps 

( t r a n s i t i o n s ) .  F igure 3.12 (a),  t h e  pr imary t r a i n  2 o i l  system parameters, 

shows the  f l o w  and temperature responses t o  t h e  i n i t i a l  warm-up opera t i on  

(pump P305) fo l lowed by a shutdown o f  P305 and s t a r t - u p  o f  pump P304 ( r u n  
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sequence i n i t i a t e d  a t  approximately 12:56 PM). The "sp i ke "  i n  o i l  f lows a t  

approximately 1:45 PM was due t o  t h e  steam f l ow  t r a n s i e n t  d u r i n g  t u r b i n e  s t a r t  

(see subsequent d iscuss ion)  w h i l e  t h e  o t h e r  o i l  f l o w  t r a n s i e n t s  were t h e  

r e s u l t  o f  Mode 6 power steps. 

F igure 3.12 (b) i l l u s t r a t e s  t h e  pr imary steam/condensate parameters du r ing  t h e  

same t ime  per iod.  

approximately 1:45 PM was t h e  r e s u l t  o f  t h e  t u r b i n e  packing dump valves 

c y c l i n g  open and closed immediately p r i o r  t o  synchroniz ing t h e  t u r b i n e  

generator ( t h e  t u r b i n e  had been r o l l e d  on admission steam a t  approximately 

1:27 PM). The approach used t o  r o l l  t h e  t u r b i n e  on admission steam invo lved  

opening t h e  t u r b i n e  admission steam c o n t r o l  valves and r o l l i n g  t h e  u n i t  by 

modulat ing t h e  admission steam stop va l ve  p o s i t i o n .  Manual s top va lve 

p o s i t i o n  c o n t r o l  was used du r ing  t h e  per iods o f  t u r b i n e  a c c e l e r a t i o n  and ho ld  

( a t  1000 rpm) u n t i l  a speed o f  approximately 3500 rpm was reached. A t  t h i s  

t ime, t h e  c o n t r o l  valves would come i n t o  se rv i ce  t o  assume t u r b i n e  speed 

c o n t r o l  r e s p o n s i b i l i t y  w h i l e  t h e  s top  va lve was g r a d u a l l y  moved t o  a f u l l y  

open p o s i t i o n .  The t u r b i n e  would then be brought t o  synchronous speed and 

synchronized and loaded through t h e  opera t i on  o f  t h e  admission steam c o n t r o l  

valves. 

The "sp ike"  i n  admission steam f l o w  ( F I  3815P) a t  

As t h e  admission steam c o n t r o l  valves would move i n t o  serv ice,  t hey  would a l s o  

a c t i v a t e  t h e  t u r b i n e  packing dump valve which would a l l o w  steam t o  be b led  

from t h e  t u r b i n e  s h a f t  seal  (which separates t h e  t u r b i n e  h igh  and low pressure 

sect ions) .  

p o s i t i o n  o f  t h e  c o n t r o l  valves, a severe o s c i l l a t o r y  p a t t e r n  would normal ly  

r e s u l t  i n  which t h e  packing dump va lve  would open when t h e  c o n t r o l  va lve moved 

t o  a n e a r l y  c losed p o s i t i o n .  

Since t h e  a c t i v a t i o n  o f  t h e  packing dump va lve  was t i e d  t o  t h e  

With t h e  opening o f  t h e  dump valve, t h e  t u r b i n e  
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steam demand to maintain constant speed would increase dramatically which 

would result in motion of the control valves to a much more open position. 

This movement would cause the packing dump valve to close which, in turn, 

would force the control valves to close back down in order to maintain the 

turbine at constant speed. 

and the cycle would be repeated. 

severe oscillations in steam generator flow and occasionally result in turbine 

or thermal storage extraction trips. 

This action would reopen the packing dump valve 

These valve operating cycles would cause 

The problem involving the cycling o f  the packing dump valve was ultimately 

corrected by General Electric engineers (following the completion of the Mode 

6 testing), although the overall turbine roll procedure was significantly 

different from the originally planned approach (which involved turbine speed 

control by exclusively using the admission steam control valves). As a part 

of the original plans, the turbine control console was fitted with a 

speed/load control device connected to the admission steam control valves. By 

using the stop valve to roll the turbine, however, no such automatic speed 

control feature could be used. As a result, turbine start-up and 

synchronization was on a strictly manual control basis. 

Figure 3.12 (c) illustrates the turbine admission steam conditions and gross 

electrical power (JIC 5100P) during Mode 6 operation involving power steps. 

During Mode 6 operation, the turbine was in pressure control while the 

extraction train was operated in load control. As can be seen, relatively 

large changes in flow and power did not have a significant effect on admission 

pressure ( P I  937P). 

As stated previously, the issue of severe admission steam flow oscillations 
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d u r i n g  t u r b i n e  r o l l  on admission steam was u l t i m a t e l y  resolved by General 

E l e c t r i c  engineers. 

operat ions,  much more cons is ten t  r e l a t i o n s h i p s  e x i s t e d  between t h e  steam f l o w  

requ i red  t o  r o l l  and load t h e  t u r b i n e  and t h a t  f l o w  requ i red  from t h e  thermal 

storage steam generator. F igure 3.13 (1/3/84) shows t h e  p r i n c i p a l  thermal 

storage admission steam and t u r b i n e  parameters d u r i n g  a t u r b i n e  s t a r t u p  

f o l l o w i n g  packing dump valve opera t i ona l  m o d i f i c a t i o n s .  The w e l l  behaved 

r e l a t i o n s h i p  between steam f l o w  and t u r b i n e  s t a r t u p  and load i s  apparent and 

c e r t a i n l y  super io r  t o  t h e  h i g h l y  dynamic f l u c t u a t i o n s  discussed e a r l i e r .  

Fo l lowing adjustments t o  t h e  packing dump va lve  

Mode 6 shutdown ( t r a n s i t i o n  t o  Mode 8) i nvo l ved  s topping t h e  thermal storage 

e x t r a c t i o n  system, w i t h  t h e  turb ine-generator  a u t o m a t i c a l l y  going o f f - l i n e  

when a low load c o n d i t i o n  was reached. 

completed w i t h i n  a 1 t o  2 minute t ime  span al though i t  could be i n t e n t i o n a l l y  

lengthened by operator  ac t i on .  This  would i n v o l v e  a c o n t i n u a l  reduc t i on  i n  

t h e  t u r b i n e  admission steam pressure s e t  p o i n t  once t h e  thermal storage 

e x t r a c t i o n  system had been stopped. 

r e s i d u a l  thermal energy contained i n  t h e  steam generator  a t  t h e  t ime  o f  

shutdown would be converted t o  steam and consumed by t h e  t u r b i n e .  

shutdown, accomplished by simple shutdown o f  t h e  e x t r a c t i o n  system, i s  shown 

a t  t h e  end o f  t h e  Mode 6 operat ing p e r i o d  i n  F igure 3.12 (a, b, and c ) .  

This t r a n s i t i o n  t y p i c a l l y  was 

I n  t h i s  way, a g r e a t e r  p o r t i o n  o f  t h e  

Mode 6 

F igure 3.14 (a, b, c, d, and e) presents data f o r  s ta r t -up ,  steady-state,  Mode 

6, and shutdown ( t r a n s i t i o n  t o  Mode 8) f o r  dual e x t r a c t i o n  t r a i n  operat ion.  

The data a r e  f o r  5/18/83, t h e  day t h a t  t h e  design p o i n t  e x t r a c t i o n  t e s t  was 

performed. Power product ion o f  approximately 43 MWHe ( n e t )  exceeded t h e  

design p o i n t  value o f  7 MWe f o r  4 hours (28 MWWe). The t e s t  was i n i t i a t e d  a t  

07:OO AM, b u t  two thermal storage t r i p s  delayed a c t i v i t i e s .  The warm sequence 
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was r e i n i t i a t e d  a t  approximately 1:24 PM fo l l owed  by i n i t i a t i o n  o f  t h e  run 

sequences; main o i l  pump P304 s t a r t  a t  1 :55  PM and P303 s t a r t  a t  1:58 PM), 

F igures 3.14 (a) and 3.14 (b ) .  Turbine r o l l  on admission steam occurred a t  

approximately 1:55 PM w i t h  synchronizat ion a t  approximately 2:lO PM. The 

admission steam f l o w  o s c i l l a t i o n s  ( p r e v i o u s l y  discussed) were a l s o  ev iden t  

d u r i n g  t u r b i n e  r o l l ,  Figures 3.14 ( c )  and (d ) .  Dur ing t h e  subsequent Mode 6 

operat ion,  e x t r a c t i o n  T r a i n  1 was operated i n  f l o w  c o n t r o l  w h i l e  T r a i n  2 was 

operated i n  pressure c o n t r o l .  

As t h e  e x t r a c t i o n  i n l e t  o i l  temperature began t o  decrease (TI3711/3811, 

TI3704/3804, Figures 3.14 (a) and (b ) ) ,  reduc t i ons  i n  t h e  steam pressure 

s e t p o i n t  ( a t  5:40 PM) and steam temperature s e t p o i n t  ( a t  6:17 PM) were begun 

t o  ma in ta in  admission steam superheat and extend operat ions - see Figures 3.14 

( c )  and (d) .  The f l o w  s e t p o i n t  i n  T r a i n  1 was reduced tw ice ,  F igu re  3.14 ( c ) ,  

w i t h  r e s u l t i n g  reduc t i on  i n  power, and, a t  approximately 7:45 PM, T r a i n  1 was 

shut  down and Mode 6 opera t i on  was t r a n s i t i o n e d  f rom dual  t r a i n  t o  s i n g l e  

t r a i n  operat ion.  

i n  F igures 3.14 (b)  and (d ) .  F i n a l l y ,  a t  approximately 9:12 PM, T r a i n  2 was 

shut  down and t h e  p l a n t  t r a n s i t i o n e d  f rom Mode 6 t o  Mode 8. 

The subsequent readjustment i n  T r a i n  2 ope ra t i on  i s  apparent 

On 10/4/83, a s e r i e s  o f  of f -design t u r b i n e  i n l e t  c o n d i t i o n  opera t i ng  p o i n t s  

were i n v e s t i g a t e d  t o  determine t u r b i n e  s e n s i t i v i t y .  The data a r e  shown i n  

F igu re  3.15 (a, b, and c )  f o r  a f i v e  hour pe r iod  s t a r t i n g  a t  3:OO PM. The 

p l a n t  was i n i t i a l l y  operated i n  Mode 4, and t r a n s i t i o n  t o  Mode 6 occurred a t  

approximately 4:17 PM as t h e  charg ing system was shut  down. A d iscuss ion o f  

t h e  turb ine-generator  and p l a n t  performance d u r i n g  t h i s  t e s t  pe r iod  i s  

presented i n  Sect ion 3.5.2. 
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F igu re  3.15 (a)  shows t h e  TSS e x t r a c t i o n  T r a i n  2 steam generator  parameters as 

t h e  system was t r a n s i t i o n e d  between opera t i ng  p o i n t s .  

d is turbances i n  steam f l o w  d u r i n g  t h e  pressure t r a n s i t i o n s  were t h e  r e s u l t  o f  

adjustments i n  t h e  b o i l i n g  heat t r a n s f e r  process which occurred when t h e  heat 

o f  v a p o r i z a t i o n  and t h e  t o t a l  enthalpy d i f f e r e n c e  changed (due t o  b o i l e r  

pressure change). These d is turbances were a l s o  r e f l e c t e d  i n  t u r b i n e  load ( J I C  

5100P). F igu re  3.15 (b) and TSS o i l  f lows,  F igu re  3.15 ( c ) .  The most 

s i g n i f i c a n t  process upset occurred when both t h e  b o i l e r  pressure and 

temperature were increased simultaneously (approximately 7:18 PH). Flow 

t r a n s i t i o n s  which occurred w i t h o u t  changes i n  pressure o r  temperature 

s e t p o i n t s  ( a t  4:57, 5:10, 6:02 and 6:32 PM) r e s u l t e d  i n  no process upsets. 

The s i g n i f i c a n t  

On 5/11/83, response t o  load, f l o w  and pressure steps was evaluated w h i l e  t h e  

p l a n t  was opera t i ng  i n  Mode 6. The data a re  shown i n  F igu re  3.16 (a, b, and 

c)  f o r  a f i v e  hour pe r iod  s t a r t i n g  a t  5:OO PM. The p l a n t  was i n i t i a l l y  

operated i n  Mode 4, and t r a n s i t i o n  t o  Mode 6 occurred a t  approximately 6:28 PM 

(as t h e  charg ing opera t i on  was terminated) .  

w i th  t h e  t u r b i n e  i n  pressure c o n t r o l  and e x t r a c t i o n  T r a i n  2 s e t  t o  load 

c o n t r o l  ( a t  6:57 PM) w i t h  a 2 HWe s e t  p o i n t .  F igu re  3.16 (a )  shows t h e  system 

response t o  load s e t p o i n t  changes f rom 7.0 MWe t o  4.0 MWe back t o  2.0 MWe ( a t  

7:15 PM and 7:33 PM), steam f l o w  s e t p o i n t  changes from 35 KLBH t o  55 KLBH back 

t o  35 KLBH ( a t  7:49 PM, 8:lO PM, and 8:33 PM, a f t e r  t h e  e x t r a c t i o n  t r a i n  had 

been switched t o  f l o w  c o n t r o l ) ,  and t u r b i n e  pressure s e t p o i n t  changes from 283 

p s i g  t o  307 p s i g  back t o  283 p s i g  ( a t  9:48 PM). Figures 3.16 (b)  and 3.16 ( c )  

show t h e  e x t r a c t i o n  system steam and o i l  system parameters ( r e s p e c t i v e l y )  

d u r i n g  t h e  same t ime  per iod.  

i n  o i l  and steam f lows due t o  t h e  s e t p o i n t  changes, t h e  admission steam 

temperature and pressure were r e l a t i v e l y  constant  (F igu re  3.16 (a ) .  

The c o n t r o l  system was s e t  up 

Note t h a t  i n  s p i t e  o f  t h e  s i g n i f i c a n t  v a r i a t i o n s  
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On 6/21/83, a maximum power run  (Mode 3) was made 

13.1 MWe (gross) .  Mode 3 opera t i on  cont inued u n t  

main steam f l o w  t o  t h e  t u r b i n e  was terminated and 

t o  Mode 6. As a r e s u l t  o f  t h e  extended admission 

wi th  t h e  peak 

1 approximate 

1 oad reach i ng 

y 6:47 PM when 

t h e  p l a n t  was t r a n s i t i o n e d  

steam operat ion,  t h e  Therma 

Storage Uni t  charge became depleted and t h e  e x t r a c t i o n  t r a i n  i n l e t  o i l  

temperature began decreasing. This  c o n d i t i o n  i s  shown on F igu re  3.17 (a) ;  o i  

temperatures a t  t h e  i n l e t  t o  t h e  superheater ( T I  3711P) and t h e  b o i l e r  ( T I  

3704P). The opera t i ona l  procedure f o r  t h i s  c o n d i t i o n  was t o  p e r i o d i c a l l y  

reduce t h e  superheater steam temperature s e t p o i n t  ( i n  o rde r  t o  ma in ta in  

admission superheat) - see F igu re  3.17 (b ) .  Nominal ly, t h e  t u r b i n e  would 

operate a t  approximately 100°F superheat, b u t  by reducing t h e  

temperature/pressure se tpo in ts  and a l l o w i n g  admission steam superheat l e v e l s  

as low as 7OoF ( S O O F  i s  t h e  t r i p  l e v e l ) ,  Mode 6 opera t i on  could be extended. 

The performance pena l t y  f o r  o f f -des ign  t u r b i n e  opera t i on  i s  discussed i n  

Sect ion 3.5.2. 

The t r a n s i t i o n s  between Mode 6 and Mode 3 i nvo l ved  phasing i n  o r  phasing ou t  

main steam opera t i on  w h i l e  c o n t i n u i n g  t o  run  t h e  t u r b i n e  on admission steam. 

The t r a n s i t i o n s  between Mode 6 and Mode 4 i nvo l ved  i n i t i a t i n g  o r  t e r m i n a t i n g  

thermal s torage charg ing operat ions w h i l e  c o n t i n u i n g  t o  r u n  t h e  t u r b i n e  on 

admission steam. The opera t i ona l  c h a r a c t e r i s t i c s  o f  these t r a n s i t i o n s  a r e  

discussed i n  Reference 3. 

3.5.2 Steady-State Operat ion 

The goal  o f  steady-state Mode 6 opera t i on  (see Sect ion 3.2.1) was t o  

i n v e s t i g a t e  t h e  range o f  Mode 6 opera t i ng  cond i t i ons ,  ga the r  data f o r  

e s t i m a t i o n  of performance, determine f i r s t - o r d e r  performance r e l a t e d  

s e n s i t i v i t i e s  and t o  e s t a b l i s h  opera t i ona l  l i m i t s .  Also, t h e  movement of t h e  
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thermocl ine (see Sect ion 1.2) through t h e  TSU was o f  i n t e r e s t  i n  t h e  

determinat ion o f  t h e  t o t a l  amount o f  energy a v a i l a b l e  f o r  steam generat ion i n  

Mode 6. 

performance were obtained from time-averaged f i v e  minute data samples (see 

Table 3.1) occu r r i ng  du r ing  per iods o f  steady-state operat ion.  

t h e  data p o i n t s  on f i g u r e s  i n  t h i s  s e c t i o n  correspond t o  t h e  p a r t i c u l a r  data 

samples i n  Table 3.1. 

The m a j o r i t y  o f  t h e  data used t o  e s t a b l i s h  " instantaneous" 

The numbers on 

3.5.2.1 P lan t  Performance 

Calcu lated p l a n t  c y c l e  performance d u r i n g  Mode 6 ope ra t i on  was based on 

e x t r a c t i o n  heat exchanger steam generat ion r a t e  and tu rb ine -genera to r  gross 

e l e c t r i c a l  power. As discussed i n  Sect ion 3.4, t h e  bas i s  f o r  t h e  

determinat ion of t h e  steam generat ion r a t e  was t h e  e x t r a c t i o n  b o i l e r  feedwater 

f l o w  measurement ( co r rec ted  f o r  a c t u a l  feedwater d e n s i t y ) .  

performance c a l c u l a t i o n s  a re  compared i n  t h i s  s e c t i o n  t o  p r e d i c t e d  values 

developed du r ing  t h e  o r i g i n a l  p l a n t  heat and mass balance ana lys i s .  

p r e d i c t e d  values were based on a s i n g l e  s e t  o f  t u r b i n e  admission steam 

cond i t i ons  (370 psig,  525OF) and a feedwater temperature o f  25OOF. Since t h e  

data presented i n  t h i s  sec t i on  cover a wide range o f  admission steam 

cond i t i ons  (196-396 ps ig,  485-540°F) and feedwater temperatures (100-255OF), 

t h e  p red ic ted  values a r e  presented f o r  general comparison only.  

Mode 6 data and 

The 

As i n d i c a t e d  by t h e  constant feedwater temperature i n  t h e  heat and mass 

balance analys is ,  a constant  deaerator pressure was assumed. During moderate 

t o  h i g h  t u r b i n e  admission steam f l o w  operat ion,  t h e  deaerator  could be 

maintained a t  t h i s  f i x e d  l e v e l  (30 p s i a )  f rom normal t u r b i n e  e x t r a c t i o n  

f lows.  A t  low t u r b i n e  f lows, however, i n s u f f i c i e n t  e x t r a c t i o n  pressure would 

be a v a i l a b l e  t o  supply t u r b i n e  steam t o  t h e  deaerator.  Therefore, i t  was 

184 



assumed ( i n  t h e  a n a l y s i s )  t h a t  t h e  a u x i l i a r y  steam system would be a c t i v a t e d  

t o  supply t h e  a d d i t i o n a l  steam requ i red ,  w i t h  a corresponding p e n a l t y  

( increase)  i n  c y c l e  heat r a t e .  

pressure would be requ i red  f o r  proper  ope ra t i on  o f  t h e  e x t r a c t i o n  heat 

exchangers which were suppl ied w i t h  feedwater d i r e c t l y  f rom t h e  deaerator  (see 

Sect ion 3.3). 

It was a l s o  assumed t h a t  a constant  deaerator  

The opera t i ng  experience a t  S o l a r  One i n d i c a t e d  t h a t  h o l d i n g  a f i x e d  deaerator  

pressure ( temperature) was n o t  requi red.  

r e s u l t i n g  s a t u r a t i o n  temperature) was pe rm i t ted  t o  " f l o a t "  and seek i t s  own 

va lue based on n a t u r a l  c y c l e  operat ions.  

t h i s .  F i r s t ,  t h e  a c t u a l  heat t r a n s f e r  processes d i d  n o t  e x a c t l y  f o l l o w  t h e  

i d e a l i z e d  counter f low process shown i n  F igu re  3.8. Second, t h e  i n d i v i d u a l  

heat exchangers were s p e c i f i e d  t o  i n c l u d e  f o u l i n g  f a c t o r s  i n  t h e  event o f  

d e p o s i t i o n  from t h e  C a l o r i a  system. 

such d e p o s i t i o n  r e s u l t e d  i n  heat  exchangers w i t h  h i g h e r  e f f e c t i v e n e s s  o r  

g r e a t e r  capac i t y  than requ i red  by t h e  o r i g i n a l  p l a n t  design. 

determined t o  be p o s s i b l e  t o  cool  t h e  C a l o r i a  down t o  approximately 405OF 

d u r i n g  r o u t i n e  TSU e x t r a c t i o n  operat ion.  As a r e s u l t  o f  t h e  " f l o a t i n g "  

deaerator  pressure, t h e  a u x i l i a r y  steam demand a t  a l l  t u r b i n e  f l ows  was 

reduced. 

The deaerator  pressure (and 

There were two pr imary reasons f o r  

The f a c t  t h a t  t h e r e  was no evidence o f  

It was 

node 6 gross e l e c t r i c a l  power as a f u n c t i o n  o f  e x t r a c t i o n  b o i l e r  steam f l o w  

( c a l c u l a t e d  from b o i l e r  make up water  f l o w )  i s  presented i n  F igu re  3.18. The 

data i n d i c a t e  t h a t  t h e  Mode 6 performance was b e t t e r  than expected, w i t h  the  

da ta  f o l l o w i n g  t h e  general  t r e n d  o f  t h e  p r e d i c t e d  values. Since no prev ious 

manufacturers data were a v a i l a b l e  f o r  ope ra t i on  o f  t h e  t u r b i n e  i n  t h e  

admission steam mode ( t h e  admission p o r t  f o r  o t h e r  a p p l i c a t i o n s  o f  t h e  t u r b i n e  
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was normal ly  an e x t r a c t i o n  p o r t ) ,  t h e  p r e d i c t e d  performance was based o n l y  on 

, 

t u r b i n e  c y c l e  a n a l y t i c a l  r e s u l t s .  

r a t e  i s  shown i n  F igu re  3.19. 

thermal power d e l i v e r e d  t o  t h e  e x t r a c t i o n  heat  exchanger water/steam and f rom 

turb ine-generator  d e l i v e r e d  gross e l e c t r i c a l  power. As before,  t h e  data 

f o l l o w  t h e  t rends o f  t h e  p r e d i c t e d  values w i th  b e t t e r  ( lower)  t han  p r e d i c t e d  

c y c l e  heat  ra tes .  

t u r b i n e  a t  low load, w i t h  a s u b s t a n t i a l  increase i n  thermal energy requ i red  

f rom t h e  TSU f o r  an equ iva len t  number o f  MWHe a t  low loads compared t o  h i g h  

loads. 

The corresponding Mode 6 gross c y c l e  heat 

The gross c y c l e  heat  r a t e  was c a l c u l a t e d  from 

The data c l e a r l y  show t h e  disadvantage o f  ope ra t i ng  t h e  

3.5.2.2 Ope r a t  i ona 1 L i  m i  t s  

The p l a n t  was operated i n  Mode 6 over  a range o f  t u r b i n e  admission cond i t i ons  

and feedwater temperatures as discussed i n  t h e  prev ious sect ion.  The low f l o w  

( l oad )  c h a r a c t e r i s t i c s  us ing a s i n g l e  e x t r a c t i o n  t r a i n  were i n v e s t i g a t e d  as 

w e l l  as t h e  h i g h  f l o w  ( l oad )  c h a r a c t e r i s t i c s  us ing  bo th  s i n g l e  and dual  

e x t r a c t i o n  t r a i n s .  Also, t h e  Mode 6 des ign p o i n t  e x t r a c t i o n  case ( 7  MWe f o r  4 

hours) was v e r i f i e d  . 

On 6/27/83 (day 178) and 6/28/83 (day 179) S o l a r  One was o n - l i n e  f o r  33.6 

cont inuous hours as a demonstrat ion of cont inuous and o v e r n i g h t  operat ion.  

From 4:35 PM on 6/27/83 t o  8:05 AM on 6/28/83 t h e  p l a n t  was operated i n  Mode 6 

a t  approximately 1 MWe (gross)  output .  Data f rom a p o r t i o n  o f  t h i s  t ime 

p e r i o d  a r e  shown on F igu re  3.20 (a-c). S tab le  ope ra t i on  cont inued u n t i l  

approximately 3:30 AM (6/28/83) when t h e  r e c e i v e r  feedwater pump was s t a r t e d .  

The increased demand f o r  a u x i l i a r y  steam requ i red  f o r  deaerator  p r e s s u r i z a t i o n  

r e s u l t e d  i n  a reduc t i on  i n  t u r b i n e  admission steam and t u r b i n e  load (see 

F igu re  3.20a). The load cont inued below 1 MWe (gross)  u n t i l  t h e  steam 
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generator  f l o w  was increased a t  6:30 AM. 

occurred a t  8:05 AM and t h e  steam generator  was shutdown a t  8:24 AM. 

A t r a n s i t i o n  t o  Mode 3 opera t ion  

Water/steam system parameters a re  shown on F igure  3.20(b) and o i l  system 

parameters a re  shown on F igure 3.20(c) du r ing  t h i s  t ime per iod.  

continuous s t a b l e  opera t ion  a t  low load was demonstrated, o n l y  6:05 PM MWHe 

(gross) were generated between midn igh t  and 6:15 AM a t  cons iderable TSU energy 

expendi ture (approximately 25,000 BTU/KWH gross c y c l e  heat  r a t e ) .  

Although 

On 5/4/83 (day 124), t h e  p l a n t  was operated i n  Mode 6 w i t h  a number o f  power 

cyc les  as t h e  c o n t r o l  system was being tuned (see F igure  3.21 a-d). A t  7:30 

PM, t h e  t u r b i n e  load was increased t o  t h e  approximate maximum f o r  a s i n g l e  

e x t r a c t i o n  t r a i n  (4.68 MWe gross). The t u r b i n e  admission steam c o n t r o l  valves 

were open 62 percent  (ZI943P, F igure  3.21b) and t h e  steam f lowmeter ou tpu t  was 

maximum (FI3715P, F igure  3.21a). Also, t h e  superheater o i l  f lowmeter ou tpu t  

was maximum (FI3712P, F igure 3 . 2 1 ~ )  and t h e  b o i l e r  o i l  f l o w  was a t  350 KLBH 

(FI3706P, F igure  3 . 2 1 ~ ) .  

t r a n s i e n t  ( b o i l e r  steam f l o w  surge), t h i s  l e v e l  was n o t  ma in ta inab le  du r ing  

steady f l o w  cond i t ions .  

Although t h e  load peaked a t  5.2 MWe dur ing  t h e  power 

On 2/25/83 (day 56). spec ia l  Mode 6 t e s t i n g  was performed t o  v e r i f y  t h e  7 MWe 

design p o i n t .  

a t  11:25 AM (F igure  3.22a). A f t e r  a pe r iod  o f  low load operat ion,  t h e  steam 

generators were placed i n  LOAD c o n t r o l  and t h e  power was ramped a t  1:12 PM t o  

7.3 MWe (gross) ,  GE5100P (F igure  3.22a). A t  1:42 PM, t h e  t u r b i n e  pressure s e t  

p o i n t  was decreased t o  325 ps ig .  

generat ion as t h e  b o i l e r  s a t u r a t i o n  pressure 

momentarily increased t o  8.6 MWe (gross) .  

Both e x t r a c t i o n  t r a i n s  were s t a r t e d  and t h e  t u r b i n e  was on - l i ne  

This  resu l ted  i n  a sudden surge i n  steam 

decreased and t h e  t u r b i n e  load 

Fol lowing pressure s t a b i l i z a t i o n ,  
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t h e  t u r b i n e  load reached 8.2 MWe (gross)  and 7.3 MWe (ne t ) ,  thus  v e r i f y i n g  t h e  

design p o i n t .  

n o t  NE5102AP (F igure  3.22a), due t o  c a l i b r a t i o n  problems w i t h  NE5102AP. 

t h e  peak s t a b i l i z e d  power t h e  t u r b i n e  admission steam c o n t r o l  valves were wide 

open (ZI943P, F igure 3.22b) and peak Mode 6 power was a t ta ined .  The steam and 

o i l  parameters f o r  T r a i n  1 and T r a i n  2 a r e  shown i n  F igures 3 . 2 2 ~  and 3.22d, 

respect  i ve l  y. 

The measurement used t o  e s t a b l i s h  t h e  n e t  ou tpu t  was JI5102P, 

A t  

Another design p o i n t  v e r i f i c a t i o n  t e s t  was conducted on 5/18/83 (day 138) when 

t h e  p l a n t  was operated i n  Mode 6 t o  v e r i f y  cont inuous opera t ion  f o r  f o u r  hours 

above 7 MWe (ne t ) .  The thermal s torage tank had been f u l l y  charged (see 

Sect ion  3.5.2.3) p r i o r  t o  t h e  e x t r a c t i o n  t e s t .  

TSU pressure, both e x t r a c t i o n  t r a i n s  were s t a r t e d  (F igure  3.14e) and t h e  

tu rb ine /genera tor  was brought on - l i ne  (2:12 PM). Wi th  T r a i n  1 i n  FLOW c o n t r o l  

and T r a i n  2 i n  pressure c o n t r o l ,  t h e  pressure was ramped and t h e  n e t  power 

(JI5102AP) was above 7 MWe by 2:20 PM (F igure  3.23a). 

above 7 MWe u n t i l  6:14 PM (a  t o t a l  o f  3 hours 54 minutes above 7 MWe ne t ) ,  

w i t h  t h e  28 MWHe design va lue achieved by 5:54 PM. 

cond i t i ons  f o r  t h e  v e r i f i c a t i o n  run  a re  shown i n  F igure  3.23b. 

opera t ion  cont inued a t  reduced power and admission pressure u n t i l  9:14 PM 

( e x t r a c t i o n  T r a i n  1 taken o u t  o f  se rv i ce  a t  7:50 PM) w i t h  a t o t a l  generat ion 

o f  43.4 MWHe (ne t ) .  

Fo l low ing  a t r i p  due t o  h igh  

Net power remained 

Turb ine admission 

Turb ine 

3.5.2.3 TSU Thermocline 

Mot ion o f  t h e  thermocl ine (Sect ion 2.5.2.3) through t h e  TSU du r ing  t h e  maximum 

e x t r a c t i o n  Mode 6 t e s t  descr ibed above (day 138) i s  shown i n  F igure  3.24. The 

TSU had been e s s e n t i a l l y  f u l l y  charged t h e  day before,  w i t h  f i n a l  charg ing 

operat ions con t inu ing  u n t i l  11:35 AM on day 138. Tank temperature p r o f i l e s  
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a r e  shown a t  2:00, 3:15, 5:00, 7:OO and 9:00 PM. Heat ing o f  t h e  e x t r a c t i o n  

steam generators by o i l  f l o w  f rom t h e  TSU was i n i t i a t e d  a t  1:27 PH and t h e  

t u r b i n e  was r o l l e d  on e x t r a c t i o n  steam a t  1:55 PM. Mode 6 ope ra t i on  cont inued 

u n t i l  9:14 PM. The t o t a l  amount o f  thermal energy removed from t h e  TSU d u r i n g  

t h i s  t e s t  was evaluated by i n t e g r a t i o n  of t h e  tank en tha lp ies  based on bed 

temperature d i s t r i b u t i o n s  a t  1:00 PM and 9:00 PM. The thermal energy removed 

from t h e  tank was 221 MWHt, i n c l u d i n g  energy f o r  e x t r a c t i o n  t r a i n  warm-up and 

t u r b i n e  r o l l ,  which r e s u l t e d  i n  t h e  generat ion o f  43:4 MWHe ( n e t ) .  As can be 

seen f rom Figure 3.24, t h e  TSU was f u l l y  depleted a t  t h e  t e r m i n a t i o n  o f  Mode 6 

operat ion,  and t h a t  complete energy u t i l i z a t i o n  was accomplished by r e d u c t i o n  

i n  admission steam pressure and temperature d u r i n g  t h e  l a t t e r  p e r i o d  o f  

ope ra t i on  (see F igure 3 . 1 4 ~ ) .  

The mot ion o f  t h e  thermocl ine through t h e  TSU d u r i n g  t h e  a l l - - n i g h t  e x t r a c t i o n  

Mode 6 t e s t  (day 179) i s  shown i n  F igu re  3.25. As p r e v i o u s l y  mentioned, 

continuous low-load power generat ion i s  n o t  p r a c t i c a l  due t o  t h e  h i g h  c y c l e  

heat  r a t e  associated w i th  of f -nominal  operat ion.  

3.5.3 Mode 6 T r i p s  

The p l a n t  t r i p  system i s  designed t o  p r o t e c t  p l a n t  equipment by sensing key 

parameters and a u t o m a t i c a l l y  s h u t t i n g  down p l a n t  equipment when t h e  key 

parameters a r e  s i g n i f i c a n t l y  o u t  o f  l i m i t s .  

TSS and which would " t r i p "  t h e  TSS e x t r a c t i o n  system are:  

1. High b o i l e r  water l e v e l .  

2. High e x t r a c t i o n  o i l  pressure. 

3.  High e x t r a c t i o n  steam pressure 

4. High TSU o i l  l e v e l .  

5. High f l a s h  tank condensate l e v e l .  

The parameters which mon i to r  t h e  
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6. High f l a s h  tank pressure.  

7. 

Also, t h e  p l a n t  ope ra to r  can i n i t i a t e  an e x t r a c t i o n  system t r i p  (pushbutton).  

A t r i p  o f  t h e  e x t r a c t i o n  system w i l l  c l o s e  t h e  t u r b i n e  steam valves,  s h u t o f f  

t h e  e x t r a c t i o n  o i l  pumps and open t h e  steam generator  bleed valves t o  t h e  TSS 

f l a s h  tank (AOV3117/3118). 

High o r  low TSU u l l a g e  pressure. 

Dur ing normal p l a n t  operat ion,  e x t r a c t i o n  system t r i p s  occurred which 

demonstrated each o f  t h e  above c o n d i t i o n s  and t h e  p l a n t  was a u t o m a t i c a l l y  

t r a n s i t i o n e d  from Mode 6 t o  a lower l e v e l  o f  p l a n t  ope ra t i on  (Mode 8). One 

s p e c i f i c  t r i p  t e s t  was planned a5 a p a r t  o f  Mode 6 t e s t i n g ;  a t r i p  o f  t h e  

turb ine-generator  w h i l e  under r e l a t i v e l y  h i g h  load. The f o l l o w i n g  examples o f  

t r i p s  occurred d u r i n g  Mode 6 demonstrate s a t i s f a c t o r y  t r a n s i t i o n  f rom Mode 6 

t o  node 8 ( i n a c t i v e ) .  

A t r i p  o f  t h e  p l a n t  d u r i n g  Mode 6 ope ra t i on  due t o  h i g h  TSU pressure occurred 

on day 138 p r i o r  t o  t h e  maximum e x t r a c t i o n  run. 

i n  F igu re  3.14 (a-e). 80th e x t r a c t i o n  t r a i n s  were i n  s e r v i c e  and t h e  t u r b i n e  

l oad  was being increased t o  i n i t i a t e  t h e  e x t r a c t i o n  (Mode 6) run. O i l  system 

data a r e  shown i n  Figures 3.14a and 3.14b, and steam system data a r e  shown i n  

F igures 3 . 1 4 ~  and 3.14d. The t r i p ,  which occurred a t  approx imate ly  12:15 PM, 

r e s u l t e d  i n  a shutdown o f  t h e  e x t r a c t i o n  o i l  pumps and t h e  t u r b i n e  

a u t o m a t i c a l l y  t r i p p e d  due t o  low load (F igu re  3.14e). 

was reduced, t h e  steam generators were r e s t a r t e d  and t h e  t u r b i n e  was brought 

back on l i n e  a t  2:lO PM. 

Data f o r  t h i s  event a r e  shown 

A f t e r  t h e  1"SU pressure 

On 9/7/83 (day 250) ,  a t r i p  o f  t h e  thermal s torage e x t r a c t i o n  system was 

i n i t i a t e d  by depressing t h e  e x t r a c t i o n  t r i p  pushbutton d u r i n g  Mode 6. 

purpose of t h e  t e s t  was t o  v e r i f y  TSS/turbine response t o  an e x t r a c t i o n  t r i p  

o c c u r r i n g  a t  r e l a t i v e l y  h i g h  load d u r i n g  Mode 6. The t r i p  was i n i t i a t e d  a t  

The 



approximately 5:20 PM a t  a generator output  o f  3.33 MWe (gross).  

p r i o r  t o  t h e  t r i p  a r e  shown on F igu re  3.12 (a-c) and subsequent t o  t h e  t r i p  on 

F igu re  3.26 (a-b). 

c o n t r o l  va l ve  (ZI943P) and admission s top va lve (ZI901P) both c losed 

(subsequent movement o f  t h e  admission c o n t r o l  va l ve  was t h e  r e s u l t  o f  an 

at tempt by t h e  pressure c o n t r o l  system t o  c o n t r o l  admission pressure w i t h  t h e  

steam supply s h u t o f f  - stop va lve c losed).  The i n i t i a l  increase i n  admission 

steam pressure (PI937P) was t h e  r e s u l t  o f  sudden c losu re  o f  t h e  admission s top 

va l ve  ( w i t h  cont inued steam generat ion due t o  steam generator thermal 

t r a n s i e n t s )  and subsequent decay as t h e  steam was rerouted t o  t h e  TSS f l a s h  

tank. F lash tank pressure (PI3114P) i s  shown on F igu re  3.26b w i t h  i nc reas ing  

pressure due t o  t h e  admission o f  steam when t h e  bleed va l ve  (AOV3117) was 

opened (ZI3117P). The f l a s h  tank pressure increased t o  124 p s i g  (maximum) as 

steam was cont inued t o  be generated due t o  r e s i d u a l  heat f rom t h e  b o i l e r .  

S a t i s f a c t o r y  t r a n s i t i o n  f rom Mode 6 t o  Mode 8 as a r e s u l t  o f  t h e  t r i p  was 

demonstrated. The main concern was t h e  t r a n s i t i o n  o f  steam f l o w  from t h e  

t u r b i n e  t o  t h e  f l a s h  tank w i t h o u t  s i g n i f i c a n t  pressure upsets. 

f l a s h  tank pressure increase e x h i b i t e d  a c o n t r o l l e d  t r a n s i t i o n ,  w i t h  t h e  peak 

pressure w e l l  below t h e  165 p s i g  r e l i e f  l e v e l .  

Condi t ions 

F igure 3.26a shows t h e  t u r b i n e  response as t h e  admission 

The gradual 

3.6 Conclusions 

As w i t h  Mode 5, t h e  conclusions w i t h  regard t o  Mode 6 operat ions a r e  both 

q u a l i t a t i v e  and q u a n t i t a t i v e  i n  nature;  q u a l i t a t i v e  w i t h  regard t o  o v e r a l l  

p l a n t  operat ion,  equipment c h a r a c t e r i s t i c s  and opera t i ng  phi losophy and 

q u a n t i t a t i v e  w i th  regard t o  performance eva lua t i on  and equipment l i m i t a t i o n s .  

P l a n t  ope ra t i on  w i t h  e l e c t r i c  power generat ion by TSU e x t r a c t i o n  only ,  and 

pressure c o n t r o l  provided by t h e  t u r b i n e  steam system, was demonstrated over a 

wide range o f  operat ing cond i t i ons  d u r i n g  t h e  Mode 6 t e s t  program. P lan t  
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operation d u r i n g  cloudy periods demonstrated the effectiveness of using Mode 6 

when receiver operation f o r  turbine-direct steam would not be p rac t i ca l .  

sequence f o r  start-up and t r ans i t i on  of the plant t o  Mode 6 was developed 

d u r i n g  the t e s t  program (See Section 3.5.1).  

controll ing the admission steam stop valve was implemented and the s tar tup 

sequence was automated as much as  possible t o  minimize required operator 

actions.  

The 

Turbine r o l l  by manually 

Based on the results of Mode 1 (turbine-direct  Ref. 4 ) .  Mode 2 (turbine-direct  

and charging, Ref. 3) and Mode 5/6 t e s t  programs, i t  was determined t h a t  Mode 

1 was best f o r  e l ec t r i ca l  power generation and Mode 5 was best fo r  TSU 

charging. 

generation, i t  i s  better t o  accomplish TSU charging as  f a s t  as  possible i n  

order t o  be able t o  return t o  Mode 1 f o r  power production a t  o r  near the 

des ign  point. 

extraction operation were determined t o  be impractical. 

continual need f o r  the limited quantity of stored thermal energy f o r  seal 

steam generation and the need t o  devote extended periods of receiver operating 

time t o  recharge the TSU once i t  was depleted. 

Mode 6 was determined t o  be the l e a s t  desirable  from a plant performance 

standpoint. T h i s  operating approach suffers  the double penalty o f  poor 

performance a t t r ibu tab le  t o  turbine operation on admission steam and t h a t  

associated w i t h  off design t u r b i n e  steam flows. 

manner could deplete the e n t i r e  charge from the Thermal Storage U n i t  while 

contributing no net e l e c t r i c a l  energy t o  the g r i d .  

Since Mode 1 was determined t o  be the best mode f o r  power 

Frequent and extended periods of Mode 6 thermal storage 

T h i s  was due t o  the 

Low load plant operation i n  

Prolonged operation i n  t h i s  

Dual extraction t r a i n  operation was demonstrated d u r i n g  Mode 6 tes t ing .  

advantage o f  t h i s  equipment configuration was t h a t  the turbine could be 

The 



operated a t  t h e  minimum Mode 6 c y c l e  heat r a t e .  

on l y  l i m i t e d  operat ing t ime  was logged w i t h  bo th  e x t r a c t i o n  t r a i n s  operat ing.  

It was determined t h a t  t u r b i n e  operat ion i n  Mode 6 could be extended, as t h e  

TSU became depleted o f  charge, by reducing t h e  admission steam temperature and 

pressure and/or sw i t ch ing  from d u a l - t r a i n  t o  s i n g l e - t r a i n  operat ion.  

disadvantage o f  t h i s  operat ing procedure was t h a t  o n l y  l i m i t e d  n e t  power could 

be produced a t  t h e  expense o f  TSU d e p l e t i o n  (due t o  h i g h  o f f -des ign  c y c l e  heat  

r a t e ) .  No c o n t r o l  problems e x i s t e d  w i th  d u a l - t r a i n  operat ion;  one t r a i n  was 

operated i n  FLOW w h i l e  t h e  o t h e r  t r a i n  was operated i n  LOAD c o n t r o l .  S tab le  

s i n g l e  t r a i n  operat ion a t  0.7 t o  1.0 HWe (gross) was demonstrated but ,  a t  t h i s  

generator output,  t h e  n e t  power was near zero. 

Due t o  equipment problems, 

The 

Due t o  t h e  l ack  o f  r e l i a b l e  e x t r a c t i o n  steam f l o w  inst rumentat ion,  steam f l o w  

t o  t h e  admission p o r t  o f  t h e  t u r b i n e  was based on co r rec ted  b o i l e r  make-up 

water f lowmeter data. Under s teady-state cond i t i ons ,  t h e  b o i l e r  water l e v e l s  

were constant and make-up water f l o w  was equal t o  steam generat ion.  

these steam f lows, Mode 6 gross c y c l e  heat  r a t e  was determined a t  var ious 

t u r b i n e  loads. The ca l cu la ted  values were s l i g h t l y  lower ( b e t t e r )  than 

p red ic ted  and a lso,  as expected, were h ighe r  ( f o r  a g i ven  load) than those f o r  

Mode 1. 

ascer ta ined f o r  t h e  use o f  heat recovery paths ( i n  reducing c y c l e  heat r a t e ) .  

Also, data s c a t t e r  (and i n s u f f i c i e n t  data) prevented t h e  determinat ion o f  an 

optimum admission pressure l e v e l  d i f f e r e n t  f rom design. 

Using 

The s c a t t e r  o f  data was such t h a t  no c l e a r  advantage could be 

U t i l i z a t i o n  o f  dual media energy storage on a l a r g e  scale was v e r i f i e d  du r ing  

t h e  Mode 6 t e s t  program and d e l i v e r a b l e  t o t a l  energy ( thermal and e l e c t r i c a l )  

i n  excess o f  design was v e r i f i e d .  

were as p r e d i c t e d  from a n a l y t i c a l  s tud ies  and scale t e s t  data.  

The shape and mot ion o f  t h e  TSU thermocl ine 
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