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SOLAR THERMAL TECHNOLOGY 
F OREW OR0 

The research and development described in this document was conducted 
within the U.S. Department of Energy's (DOE) Solar Thermal Technology Program. 
The goal o f  the Solar Thermal Technology Program is to advance the engineering 
and scientific understanding of solar thermal technology, and to establish 
the technology base from which private industry can develop solar thermal 
power production options for introduction into the competitive energy market. 

Solar thermal technology concentrates solar radiation by means of tracking 
mirrors or lenses onto a receiver where the solar energy is absorbed as heat 
and converted into electricity or incorporated into products as process heat. 
The two primary solar thermal technologies, central receivers and distributed 
receivers, employ various point and line-focus optics to concentrate sunlight. 
Current central receiver systems use fields of heliostats (two-axis tracking 
mirrors) to focus the sun's radiant energy onto a single tower-mounted receiver. 
Parabolic dishes up to 17 meters in diameter track the sun in two axes and use 
mirrors or Fresnel lenses to focus radiant energy onto a receiver. Troughs and 
bowls are line-focus tracking reflectors that concentrate sunlight onto receiver 
tubes along their focal lines. 
alone or in a multi-module system. The concentrated radiant energy absorbed by 
the solar thermal receiver is transported to the conversiog process by a circu- 
lating working fluid. Receiver temperatures range from 100 C in low-tempera- 
ture troughs to over 150OoC in dish and central receiver systems. 

Concentrating collector modules can be used 

The Solar Thermal Technology Program is directing efforts to advance and 
improve promising system concepts through the research and development of solar 
thermal materials, components, and subsystems, and the testing and performance 
evaluation of subsystems and systems. These efforts are carried out through 
the technical direction of DOE and its network of national laboratories who 
work with private industry. Together they have established a comprehensive, 
goal directed program to improve performance and provide technically proven 
options for eventual incorporation into the Nation's energy supply. 

To be successful in contributing to an adequate national energy supply at 
reasonable cost, solar thermal energy must eventually be economically competi- 
tive with a variety of other energy sources. 
performance targets have been developed as quantitative program goals. 
performance targets are used in planning research and development activities, 
measuring progress, assessing alternative technology options, and making 
optimal component developments. 
insure a successful program. 

Components and system-level 
The 

These targets will be pursued vigorously t o  

The work described in this report falls under Task 11, System Experiments, 
of the Solar Thermal Technology Program. 
construction phases of a demonstration of a central receiver system that uses 
molten nitrate salt as both the heat transport fluid in the receiver and as a 
thermal storage medium. 
heat in molten salt, from there to enthalpy in steam, and finally to mechanical 
work and electrical energy through a convention steam-driven turbine generator. 
This work was performed between December 1982 and April 1984. 
evaluation phase of this project is covered separately in a later report. 

The report covers the design and 

The 5 MWt system converts solar energy to sensible 

The test and 
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FOREWORD 

This report is submitted by Martin Marietta Corporation to Sandia Labo- 
ratories in accordance with the provisions of Sandia Contract No. 81- 
7469. This final report consists of the following volumes: 

~~ 

Volume I, Executive Summary and Lessons Learned 

Volume 11, System Development and Test 

Volume 111, Appendixes 

Volume I is an abbreviated summary of the Phase I activities in the 
MSEE program, which are described in more detail in Volume 11. The 
section on lessons learned includes a listing and description of impor- 
tant design and operating issues which were encountered in the Molten 
Salt Electric Experiment (MSEE) that should be considered when design- 
ing a larger scale solar power generating facility. 

Volume I1 presents the historical development of the program and a sum- 
mary of the test activities and results. This volume describes the 
MSEE by subsystem and the results of actual subsystem and system tests, 
and compares them to expected test results. 

Volume I11 summarizes the documentation generated to support the MSEE. 
Copies of key documents were reproduced and included in this volume. 

The contract was under the technical direction of Dr. William Delameter 
of Sandia National Laboratories, Livermore, California. The following 
organizations have contributed to this work: 

Martin Marietta Denver 
Aerospace the receiver and storage subsystems, and 

Responsible for receiver refurbishment, 

system design and integration of the MSEE. 
This effort included conducting system 
analyses, providing specifications, de- 
fining subsystem interface requirements, 
controlling system configuration, design- 
ing the master control and instrumentation 
subsystems, supplying engineering support 
of the hardware installation, preparing 
and conducting all subsystemand system- 
level tests, integrating the efforts of 
supporting subcontractors, and developing 
and maintaining the master schedule. 

Sandia National 
Laboratories, 
Livermore, CA 

Project management. 
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ABSTRACT 

The Molten Salt Electric Experiment (MSEE) conducted at the 
Central Receiver Test Facility (CRTF) located in Albuquerque, New 
Mexico, is the first large-scale demonstration in the United States 
of the technical feasibility of operating a solar central receiver 
power plant with molten nitrate salt as the receiver heat transfer 
fluid and thermal storage medium. 

This report documents the design, construction, and checkout 
(Phase I) of the project. 
volumes: 

This final report consists of three 

Volume I i s  an abbreviated summary of the Phase I activities 
in the MSEE program, which are described in more detail in Volume 11. 
The section on lessons learned includes a listing and description of 
important design and operating issues which were encountered in the 
Molten Salt Electric Experiment (MSEE) that should be considered 
when designing a larger scale solar power generating facility. 

Volume I1 presents the historical development of the program 
and a summary of the test activities and results. This volume 
describes the MSEE by subsystem and the results of actual subsystem 
and system tests, and compares them to expected test results. 

Volume 111 sumnarizes the documentation generated to support 
Copies of key documents were reproduced and included in the MSEE. 

this volume. 
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conduct t h e  tests, so f tware  programming 
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system inc lud ing  t h e  c o n t r o l  system. 

I n s t a l l a t i o n  of t u r b i n e  g e n e r a t o r  and 
condenser,  e l e c t r i c  power g e n e r a t i o n  sub- 
system (EPGS)/grid i n t e r f a c e ,  EPGS s tand-  
a lone  tes t  suppor t .  

Responsible f o r  t h e  Ol in  molten s a l t  loop  
experiment and sa l t  chemical a n a l y s i s .  

Other p a r t i c i p a n t s  i n  t h e  XSEE i n c l u d e  t h e  Arizona Pub l i c  S e r v i c e  Co., 
Arizona S o l a r  Energy Commission, Department of Energy (DOE), E l e c t r i c  
Power Research I n s t i t u t e ,  F o s t e r  Wheeler Co., McDonnell Douglas Astro- 
n a u t i c s  Co., P a c i f i c  Gas and Electric Co., and Southern C a l i f o r n i a  
Edison Co. 
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1 . 0  INTRODUCTION 

The Molten S a l t  E lec t r ic  Experiment (MSEE) conducted a t  t h e  C e n t r a l  
Receiver T e s t  F a c i l i t y  (CRTF) l o c a t e d  i n  Albuquerque, New Mexico, is 
t h e  f i r s t  l a rge-sca le  demonstrat ion i n  t h e  United S t a t e s  of t h e  techni -  
ca l  f e a s i b i l i t y  of o p e r a t i n g  a s o l a r  c e n t r a l  receiver power p l a n t  w i t h  
molten n i t r a t e  sa l t  as t h e  r e c e i v e r  h e a t  t r a n s f e r  f l u i d  and thermal  
s t o r a g e  medium. 

The p r i n c i p a l  advantages of a molten s a l t  r e c e i v e r  system over  a water/ 
steam r e c e i v e r  system are: ( 1 )  t h e  steam and t u r b i n e  g e n e r a t o r s  are 
decoupled from t h e  r e c e i v e r  by a thermal  s t o r a g e  subsystem, minimizing 
t h e  e f f e c t s  of c loud t r a n s i e n t s  on t h e  p l a n t  o p e r a t i o n ,  and provid ing  
t h e  a b i l i t y  t o  s h i f t  power output  f o r  s e v e r a l  hours ,  i f  needed, t o  ac- 
commodate changes i n  demand; ( 2 )  molten s a l t  f r o m  t h e  r e c e i v e r  i s  used 
d i r e c t l y  a s  an economical thermal  s t o r a g e  f l u i d ;  and ( 3 )  t h e  molten 
s a l t  r e c e i v e r  i s  a simple d e s i g n  us ing  a s ingle-phase h e a t  t r a n s f e r  
f l u i d .  

A s  a n  i n t e r m e d i a t e  s t e p  i n  t h e  cont inuing  development of molten s a l t  
c e n t r a l  r e c e i v e r  technology, t h e  experiment w a s  preceded by m a t e r i a l s  
research ,  r e c e i v e r  subsystem and thermal  s t o r a g e  subsystem experiments  
(Ref 1 and 2 ) ,  as w e l l  as a number of commercial-scale f e a s i b i l i t y  and 
pre l iminary  d e s i g n  s t u d i e s  (Ref 3 ,  4 ,  and 5) funded by t h e  Department 
of Energy (DOE). Addi t iona l  s t u d i e s  have been funded i n  molten sa l t  
steam g e n e r a t o r  and advanced c e n t r a l  r e c e i v e r  des igns .  The MSEE was 
b u i l t  around e x i s t i n g  CRTF f a c i l i t i e s  and equipment from t h e  r e c e i v e r  
and thermal s t o r a g e  subsystem experiments.  It u s e s  t h e  e x i s t i n g  h e l i o -  
s ta t  f i e l d ,  h e l i o s t a t  c o n t r o l  system, r e c e i v e r ,  tower,  c o n t r o l  comput- 
ers, s i te  f a c i l i t i e s ,  and personnel  a t  CRTF, and u s e s  s u r p l u s  equipment 
f o r  t h e  e lec t r ic  power g e n e r a t i o n  and condenser subsystem. New equip- 
ment s p e c i f i c a l l y  designed and b u i l t  f o r  t h e  experiment i n c l u d e s :  t h e  
steam g e n e r a t o r  subsystem, p ip ing  ( i n c l u d i n g  downcomer and riser) and 
va lves  connect ing t h e  r e c e i v e r  on t h e  t o p  of t h e  tower w i t h  t h e  s t o r a g e  
subsystem, a molten s a l t  boos te r  pump, and r e c e i v e r  re furb ishments ,  i n -  
c luding  a new c a v i t y  door ,  c o l d  and h o t  s u r g e  t a n k s ,  and a master con- 
t r o l  subsystem (MCS). 

This  e x t e n s i v e  r e l i a n c e  on e x i s t i n g  equipment w a s  necessary  t o  conduct 
a n  i n t e g r a t e d  experiment of t h i s  magnitude w i t h i n  a v a i l a b l e  funding. 
This  was accomplished a t  t h e  expense of c o n s t r a i n t s  imposed by t h i s  
approach on experiment performance, and on t h e  s c a l i n g  of t h e  r e s u l t s  
t o  commercial a p p l i c a t i o n s .  

The experiment provides  p a r t i a l  modeling of commercial-scale p l a n t s ,  
s i m i l a r  t o  t h e  use of p i l o t  p l a n t s  i n  t h e  process  i n d u s t r y .  P a r t i a l  
modeling means c l o s e  reproduct ion  o r  s c a l i n g  of o n l y  c e r t a i n  a s p e c t s  of 
t h e  process ,  whi le  t h e  rest of t h e  "model" remains unscaled o r  "dis-  
t o r t e d . "  For t h e  MSEE, t h e  c l o s e l y  s imula ted  parameters  inc lude :  t h e  
p r o p e r t i e s  and temperature  ranges of t h e  sa l t ;  t h e  p r e s s u r e s  and t e m -  
p e r a t u r e s  of t h e  steam s i d e ;  h e a t  t r a n s f e r  c o e f f i c i e n t s ;  d e p a r t u r e  from 
n u c l e a t e  b o i l i n g  (DNB) c o n s i d e r a t i o n s ;  s a l t  flow, leakage,  and f r e e z e  
c o n t r o l ;  q u a l i t a t i v e  equipment d e s i g n  g u i d e l i n e s ;  and t h e  a n a l y t i c a l  

1-1 



understanding of systems-level operation and control requirements and 
implementation. Additionally, the experiment provides familiarization 
and operational experience with the major subsystems comprising a mol- 
ten salt solar thermal receiver system, including manual as well as 
automatic control via the master control subsystem. 

On the other hand, the overall efficiency, solar utilization factor, 
and cost per kilowatt-hour of the MSEE are not expected to accurately 
reflect the values for projected commercial-scale plants and have not 
been considered major drivers in designing and executing the experiment. 

The experiment is being conducted in three phases: Phase I is a de- 
sign, construction, installation, checkout, and performance verifica- 
tion effort, and is the subject of this report. Phase I1 will be an 
operating effort aimed at evaluating integrated performance under 
steady-state and transient conditions, and providing operating experi- 
ence for those utilities and industrial firms interested in solar re- 
ceiver plants. An optional Phase I11 for continued testing is under 
considerat ion. 

The specific objectives (Ref 6 )  of Phase I as established by the MSEE 
technical committee are to: 

- Verify that the system works, 

- 
- Provide baseline characterization for the system, 

- Develop safe operating procedures for Phase 11, 

- Train test personnel, 

- Check out the system for all Phase I1 operating con1 

Demonstrate performance in all operating modes, 

it .ons. 

This report covers the Phase I activities from February 1982 through 
July 1984, with emphasis on Martin Marietta's responsibilities to the 
MSEE program. These include systems design and integration; Phase I 
test conduction; onsite construction support; master control subsystem 
design/analysis; equipment protection system (EPS) design, installation 
and checkout; complete subsystem responsibility for the receiver and 
storage subsystems; and instrumentation and control onsite support. 
Some of the activities that were not Martin Marietta's primary respon- 
sibilities, such as onsite construction, the heat rejection and feed- 
water subsystem, the electric power generation subsystem, and the sta- 
tus of test activities for the period from April 6 through July 30, 
1984 are also covered. Effective April 6,  1984, and based on an agree- 
ment by all parties concerned, the systems integration responsibility 
was transferred from Martin Marietta to McDonnell Douglas Astronautics 
Company, with Martin Marietta retaining only a support and advisory 
role for the remainder of Phase I. This transfer of responsibilities 
was motivated in part by the long delays in the Phase I effort caused 
by construction and equipment problems. These delays resulted in an 
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overall extension of the Phase I effort by approximately 8 months be- 
yond original schedule, overtaxing the manpower resources originally 
allocated by Martin Marietta t o  this program. 

During the reporting period, the system design, construction, integra- 
tion and checkout, including subsystems-level tests of the receiver, 
thermal storage, steam generator, and associated control systems, as 
well as the systems-level performance demonstration tests, have been 
completed. Accordingly, a solid foundation has been established for 
the operating effort of Phases I1 and 111. This activity is summarized 
in Section 2. Section 3 discusses lessons learned, emphasizing those 
aspects of problems encountered, resolutions, and recommendations ap- 
plicable to commercial-scale molten salt thermal plants. An evaluation 
of the procurement and construction management approaches used in this 
experimental program compared to well-established, commercial-scale 
practices is not within the scope of this report. 

Conclusions and recommendations for future work are presented in Sec- 
tion 4 .  Consistent with the MSEE's role as an intermediate step in the 
continuing development of molten salt central receiver technology, the 
recommendations reflect our experience gained not only from the Phase I 
program, but also from its preceding SRE's. 
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2.0 SYSTEM DEVELOPMENT AND TEST SUMMARY 

2 . 1  SYSTEM DESCRIPTION 

The p r i n c i p a l  elements of t h e  MSEE are shown i n  F igu re  2-1. F igure  2-2 
shows an  aer ia l  photograph of t h e  experiment,  and Figure  2-3 i s  a s i m -  
p l i f i e d  f low schematic of MSEE. The system des ign  parameters  are sum- 
marized i n  Table 2-1. 

The molten s a l t  i s  t h e  energy t r a n s f e r  medium from t h e  r e c e i v e r  through 
t h e  thermal s t o r a g e  t o  t h e  steam g e n e r a t i o n  subsystem, and water/steam 
is t h e  energy t r a n s f e r  medium from t h e  steam g e n e r a t i o n  subsystem 
through t h e  hea t  r e j e c t i o n  and feedwater  subsystem (HRFS) t o  t h e  elec- 
t r i c  power g e n e r a t i o n  subsystem (EPGS). The r e c e i v e r  i s  l o c a t e d  a t  t h e  
top  of t h e  CRTF tower, and r e c e i v e s  concen t r a t ed  s o l a r  energy from t h e  
c o l l e c t o r  f i e l d .  Cold sal t  a t  a tempera ture  of 590°F i n  t h e  c o l d  s t o r -  
age t ank  l o c a t e d  a t  ground l e v e l  i s  pumped up t h e  tower and through t h e  
r e c e i v e r  where i t  i s  hea ted  t o  1050OF. It then  f lows  through a down- 
comer and i s  t h r o t t l e d  i n t o  t h e  ho t  s a l t  s t o r a g e  tank. Hot sa l t  i s  
pumped from s t o r a g e  through t h e  s u p e r h e a t e r  and evapora to r  of t h e  steam 
g e n e r a t i o n  subsystem (SGS), and i s  r e tu rned  t o  t h e  c o l d  s t o r a g e  tank. 
An a d d i t i o n a l  f l ow of co ld  sa l t  i s  added t o  t h e  s a l t  l i n e  between t h e  
supe rhea te r  and evapora to r  t o  reduce t h e  salt  tempera ture  e n t e r i n g  t h e  
evapora tor .  This  a l lows  t h e  use  of low a l l o y  s teel  i n  t h e  evapora to r .  
Main steam from t h e  steam g e n e r a t o r  i s  used t o  d r l v e  a conven t iona l  
steam t u r b i n e  g e n e r a t o r  power p l a n t .  

The MSEE system c o n s i s t s  of t h e  fo l lowing  seven subsystems, which a r e  
desc r ibed  below: 

C o l l e c t o r ,  

Receiver/Tower, 

Thermal s t o r a g e ,  

Steam g e n e r a t i o n ,  

E l e c t r i c  power g e n e r a t i o n ,  

Heat r e j e c t i o n  and feedwater ,  

Master c o n t r o l .  
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Table 2-1 MSEE System Characteristics 

Electric Power Generation Subsystem 

Type 
Turbine-Generator Gross Electrical Power 
Net Electrical Power 
Steam Temperature 
Steam Pressure 
Steam Flow Rate 
Feedwater Temperature 
Condenser Pressure 
Gross Heat Rate 

Non-Reheat 
0.758 MWe 
0.41 3 MWe 
99O'F 
1050 psig 
7800 Ib lh  
401'F 
Dry Cooling at 5-in. Hga 
1422 BtuIkWh 

Collector Subsvstem 

Heliostat Number 
Reflective Surface per Heliostat 
Total Mirror Area 
Total Collected Energy t o  Receiver 
Field Efficiency (Design Point) 

211 (Goal: 200 Operational at A l l  Times) 
400 f t z  
84,488 ftz 

61.5% 
4.79 MWt 

Receiver Subsystem at Design Point' 

Type 
Solar Multiple 
Thermal Power at Tower Base 
Salt Flow Rate 
Salt Temperature-In 
Salt Temperature-Out 
Efficiency 
Number of Absorber Panels 
Number of Control Zones 
Maximum Heat Flux on Absorber 
Absorber Active Surface Area 

Molten Salt Cooled Single Cavity 
1.43 
16.3 x 106 Btu lh  
96,867 Ib lh  
590'F 
1050' F 
83% 
18 
1 
168,000 B tdh - f t '  
(207 ft2) 

Thermal Storage Subsystem 

Type 

Salt Quantity 175,000 Ib 
12 f t  

Cold Salt Tank Shell Diameter 12.26 f t  
Cold Tank Volume 1420 f t 3  
Ho t  Salt Tank Shell Height 23.6 f t  
H o t  Salt Tank Shell Diameter 10.0 f t  
Ho t  Tank Volume 1539 f t 3  
Cold Tank Temperature 590'F 
Ho t  Salt Temperature 

Tower Subsystem 

Type Concrete Cylindrical 
Height 200 f t  
Base Dimensions-Outside Diameter 51 f t  
Top Dimensions-Outside Diameter 43.3 ft 
Foundation Diameter 100 ft 
Solar Steam Generator Subsystem 

Type 
- Evaporator U-Tube, UShell  
- Superheater U-Tube, UShell  
Evaporator Circulation Type Forced 
Duty 10.7 x lo6  B tu lh  
Inlet Salt Temperature 1050'F 
Outlet Salt Temperature 590'F 
Salt Flow Rate 64.680 Ib lh  
Attemperator Salt Flow Rate 13,870 Ib lh  
Steam Flow Rate 11,582 Iblh 

HotlCold Tank Pair (Lined Ho t  Tank) 
Capacity 6.49 MWht 

Cold Salt Tank Shell Height 

1 050' F 

'December 21, (Day 355) Solar Noon, 950 W/mz Insolation 
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2.1.1 Co l l ec to r  Subsystem (CS) 

2.1.2 

The c o l l e c t o r  subsystem r e d i r e c t s ,  focuses ,  and c o n c e n t r a t e s  s o l a r  ra- 
d i a t i o n  on t h e  tower-mounted receiver. The subsystem shown i n  F igure  
2-2 i s  an  i n t e g r a l  p a r t  of t h e  CRTF. It c o n s i s t s  of 221 two-axis t r ack -  
ing  h e l i o s t a t s  l o c a t e d  n o r t h  of the receiver tower, and a s e p a r a t e  
h e l i o s t a t  c o n t r o l  system. Under optimum i n s o l a t i o n  and h e l i o s t a t  con- 
d i t i o n s ,  t h e  h e l i o s t a t  f i e l d  can  c o n c e n t r a t e  approximately 5 MWt on t h e  
f o c a l  plane.  A maximum of 211 h e l i o s t a t s  are used on t h e  MSEE program 
wi th  a g o a l  of having a minimum of 200 h e l i o s t a t s  o p e r a t i o n a l  a t  a l l  
times. 

Each h e l i o s t a t  has  25 i n d i v i d u a l  m i r r o r  f a c e t s  t o t a l i n g  400 f t 2  of 
r e f l e c t i v e  su r face .  The f a c e t s  are  mounted on a suppor t  s t r u c t u r e  and 
i n d i v i d u a l l y  a d j u s t e d  t o  provide  a c o n c e n t r a t i o n  r a t i o  of approximate ly  
25 t o  1 a t  t h e  f o c a l  po in t .  The suppor t  s t r u c t u r e  has  motor-driven 
azimuth and e l e v a t i o n  gimbals t o  t r a c k  t h e  sun du r ing  t h e  day. 

Receiver/Tower Subsystem (RS) 

The r e c e i v e r  shown i n  F igure  2-4 c a p t u r e s  t h e  s o l a r  f l u x  r e d i r e c t e d  
from t h e  c o l l e c t o r  f i e l d  and c o n v e r t s  i t  i n t o  t h e  s e n s i b l e  h e a t  i n  t h e  
molten salt .  The subsystem c o n s i s t s  of t h e  r e c e i v e r  pane l ,  c a v i t y  en- 
c l o s u r e  wi th  a v e r t i c a l  a p e r t u r e  door ,  ho t  and c o l d  su rge  t anks ,  boost 
pump, overflow t ank ,  molten s a l t  p ip ing ,  CRTF tower,  f lowmeters,  t h e r -  
mocouples, p r e s s u r e  t r ansduce r s ,  electric hea t  trace p rov i s ions ,  and 
c o n t r o l  va lves .  The receiver i s  l o c a t e d  a t  t h e  t o p  of t h e  CRTF tower. 

The r e c e i v e r ' s  a c t i v e  s u r f a c e  w a s  des igned  f o r  use  i n  t h e  r e c e i v e r  Sub- 
system Research Experiment (SRE) t o  h e a t  83,000 l b / h  of molten sa l t  
from 550 t o  1050°F wi th  a s o l a r  power l e v e l  a t  t h e  a p e r t u r e  of 5 M W t .  

Since t h e  completion of t h e  SRE, t h e  receiver has been r e f u r b i s h e d ,  i n -  
c lud ing  in s t rumen ta t ion  and c o n t r o l  system modi f i ca t ions ,  minor s t r u c -  
t u r a l  and p ip ing  changes, and replacement of t h e  two o r i g i n a l  c a v i t y  
doors  opening h o r i z o n t a l l y  wi th  a s i n g l e  a p e r t u r e  door opening 
v e r t i c a l  1 y . 
The v e r t i c a l  motion of t h e  door du r ing  opening and c l o s i n g  i s  guided by 
r a i l s  i n s t a l l e d  behind t h e  a p e r t u r e  i n s u l a t i o n  f o r  thermal p r o t e c t i o n .  
I n  i t s  c losed  p o s i t i o n ,  t h e  door p r o t e c t s  the i n t e r n a l  s u r f a c e s  of t h e  
c a v i t y  from inclement weather,  and p rov ides  thermal  i s o l a t i o n  of t h e  
c a v i t y  from t h e  environment. The door i s  i n s u l a t e d  on i t s  c a v i t y  s i d e  
t o  minimize conduction l o s s e s .  P lac ing  t h e  i n s u l a t i o n  on t h e  c a v i t y  
s i d e  only ensu res  good thermal coupl ing  between t h e  door s t r u c t u r e  and 
t h e  ambient environment, t h u s  p reven t ing  thermal  warpage of t h e  door 
due t o  i n t e r n a l  hea t ing .  T h i s  des ign  i s  no t  in tended  t o  p r o t e c t  t h e  
door from e x t e r n a l  h e a t i n g  a t  f u l l  h e l i o s t a t  f i e l d  f l u x  l e v e l s .  
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Figure 2-4 5-MW Molten Salt Cavity Receiver 



A seal i s  i n s t a l l e d  a long  t h e  o u t e r  edges of t h e  door t o  prevent  a i r  
f low through t h e  a p e r t u r e .  The door seals a g a i n s t  t h e  f r o n t  f a c e  of 
t h e  a p e r t u r e  i n s u l a t i o n .  The seal  i s  made of ceramic materials t o  
wi ths tand  t h e  p o t e n t i a l l y  h igh  tempera tures  of t h e  a p e r t u r e  due t o  f l u x  
s p i l l a g e .  

The pass ive  thermal des ign  of t h e  a p e r t u r e ,  c o n s i s t i n g  of s t r u c t u r e  
covered wi th  high-temperature i n s u l a t i o n ,  i s  a s i g n i f i c a n t  d e p a r t u r e  
from t h e  o r i g i n a l  water-cooled a p e r t u r e  frame used on t h e  SIZE. 

The r e c e i v e r  a c t i v e  s u r f a c e  c o n s i s t s  of 18 v e r t i c a l  passes i n  series 
with 1 6  tubes  p e r  pass.  The tubes  have a 0.75 in .  o u t s i d e  d i ame te r  and 
are made of Incoloy 800. 

Surge tanks  are provided t o  dampen t h e  e f f e c t s  of t r a n s i e n t s  i n  t h e  
s a l t  flow t o  and from t h e  receiver, and t o  provide  emergency s a l t  f low 
through t h e  r e c e i v e r  i n  t h e  event  of a co ld  sa l t  pump f a i l u r e .  The 
co ld  surge  t ank  i s  p res su r i zed  wi th  ins t rument  a i r  t o  supply t h e  neces- 
s a r y  head t o  f o r c e  t h e  s a l t  through t h e  r e c e i v e r  i n  t h e  even t  of a pump 
outage,  and t o  provide  a surge  volume w i t h i n  t h e  tank. The ho t  su rge  
tank  o p e r a t e s  a t  atmospheric p r e s s u r e ,  and i s  vented t o  a n  a d j a c e n t  
overflow t ank  t h a t  c a t c h e s  t h e  sa l t  i n  t h e  event  of a n  i n a d v e r t e n t  f low 
blockage i n  t h e  downcomer (e.g., a l e v e l  c o n t r o l  problem). The l e v e l  
i n  t h e  hot  surge  t ank  i s  maintained s u f f i c i e n t l y  h igh  by a c o n t r o l  
va lve  a t  t h e  bottom of t h e  downcomer t o  prevent  two-phase ( l i q u i d  s a l t  
and a i r )  flow from e n t e r i n g  t h e  r e c e i v e r  downcomer p ip ing .  

The co ld  salt  boost pump provides  t h e  necessary  head t o  g e t  t h e  s a l t  up 
t h e  tower and through t h e  r e c e i v e r .  The hot  s a l t  downcomer can supply 
s a l t  t o  e i t h e r  t h e  hot  o r  t h e  co ld  s t o r a g e  tank. T h r o t t l e  va lves  are 
inc luded  i n  t h i s  r e t u r n  l i n e  t o  d i r e c t  t h e  flow t o  e i t h e r  of t h e s e  
t anks ,  depending on t h e  sa l t  temperature.  

2.1.3 Thermal S torage  Subsystem (TSS) 

The thermal s t o r a g e  subsystem (Fig .  2-5) provides  co ld  sa l t  f o r  t h e  re- 
c e i v e r  f o r  daytime o p e r a t i o n ,  and hot  s a l t  f o r  t h e  steam g e n e r a t o r  f o r  
day and e a r l y  evening ope ra t ion .  The TSS can a l s o  f u r n i s h  a source  of 
thermal energy f o r  ove rn igh t  f r e e z e  p r o t e c t i o n  of t h e  r e c e i v e r ,  steam 
g e n e r a t o r ,  and s a l t  p ip ing  and f o r  e a r l y  morning s t a r t u p .  The TSS has 
t h e  c a p a c i t y  t o  s t o r e  6.49 MWht of thermal energy. The subsystem i n -  
c ludes  t h e  hot  and co ld  s a l t  s t o r a g e  t anks ,  a propane-fired s a l t  
h e a t e r ,  a co ld  s a l t  pump and sump, t h e  ho t  s a l t  sump, and in t e rconnec t -  
i ng  p i p e s  and va lves .  The ho t  s a l t  t a n k ' s  unique des ign  u s e s  i n t e r n a l  
i n s u l a t i o n  i n  con junc t ion  wi th  a waff led  Incoloy 800 l i n e r  t h a t  sepa- 
rates t h e  s a l t  from t h e  i n t e r n a l  i n s u l a t i o n .  The l i n e r  t r a n s m i t s  t h e  
s a l t  p r e s s u r e  loads  through t h e  i n t e r n a l  i n s u l a t i o n  i n t o  t h e  steel  
s h e l l ,  which i s  made of carbon s teel  (SA516, grade  70) .  
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The co ld  sal t  t ank  i s  similar i n  d e s i g n  t o  t h e  ho t  t ank ,  except  t h a t ,  
due t o  i t s  lower o p e r a t i n g  tempera ture ,  i t  does no t  r e q u i r e  t h e  i n t e r -  
n a l  i n s u l a t i o n  and l i n e r ,  and uses  conven t iona l  e x t e r n a l  i n s u l a t i o n .  

The co ld  sal t  and hot  sa l t  pumps are of v e r t i c a l  c a n t i l e v e r  des ign .  
The impe l l e r  and c a s i n g  are suspended below t h e  l i q u i d  leve l  i n  a sump; 
t h e  bea r ings  are l o c a t e d  above t h e  l i q u i d  l e v e l  and do n o t  c o n t a c t  t h e  
s a l t .  The major advantage of t h i s  t ype  of des ign  i s  t h a t  no rubbing 
s e a l s  are r e q u i r e d ,  and t h e r e  are no bea r ings  in t h e  salt .  

The propane h e a t e r  i s  used on ly  du r ing  checkout as a source  of h e a t  
when s o l a r  i n s o l a t i o n  i s  no t  a v a i l a b l e  o r  t h e  r e c e i v e r  i s  n o t  a v a i l a b l e .  

A s  an  i n t e g r a l  p a r t  of t h e  s t o r a g e  subsystem, t h e  Ol in  molten sa l t  ex- 
periment i s  designed t o  i n v e s t i g a t e  t h e  c o r r o s i o n  and e r o s i o n  e f f e c t s  
of ho t  1050°F n i t r a t e  s a l t  on v a r i o u s  i r o d n i c k e l  a l l o y s  under a c t u a l  
thermal c y c l i n g  cond i t ions .  This  is done by pumping h o t  s a l t  through 
s e l e c t e d  tube  specimens a t  v a r i o u s  v e l o c i t i e s  dur ing  ho t  s a l t  pump 
ope ra t ion .  When t h e  h o t  sa l t  pump i s  n o t  i n  o p e r a t i o n ,  t h e  tubes  are  
allowed t o  d r a i n  and cool .  The e f f e c t s  of thermal  shock w i l l  be evalu- 
a t e d  a f t e r  completing a s u f f i c i e n t  number of c y c l e s  of ho t  sa l t  f low 
followed by cooldown. 

S a l t  samples are c o l l e c t e d  and analyzed p e r i o d i c a l l y  t o  monitor s a l t  
chemis t ry  du r ing  t h e  o p e r a t i o n  of t h e  system. The chemical r e a c t i o n s  
a t  high tempera tures  t h a t  could  e f f e c t  t h e  p r o p e r t i e s  of t h e  s a l t  have 
been eva lua ted  i n  Reference 1. Of p a r t i c u l a r  concern i s  t h e  format ion  
of ca rbona te s  and hydroxides due t o  exposure t o  a tmospher ic  carbon d i -  
ox ide  and water vapor i n  t h e  u l l a g e  spaces  of t h e  v a r i o u s  s a l t  t anks  i n  
t h e  system. Carbonates and hydroxides are d e t r i m e n t a l  i n  t h a t  t hey  can 
form p r e c i p i t a t e s  (and f o u l i n g )  as w e l l  as c o r r o s i v e  p roduc t s  i n  t h e  
system. They may r e q u i r e  e i t h e r  "scrubbing" of t h e  u l l a g e  g a s e s  o r  
p e r i o d i c  r e g e n e r a t i o n  of t h e  s a l t  (Ref 1) i n  commercial scale s o l a r  
thermal p l a n t s .  The MSEE d a t a  w i l l  p rovide  some unders tanding  of t h e  
rates of t h e s e  r e a c t i o n s  i n  a real  system. This  i n fo rma t ion  w i l l  be 
h e l p f u l  t o  t h e  d e s i g n e r s  of commercial systems i n  s e l e c t i n g  t h e  proper 
approach t o  t h e  problem. 

2.1.4 Steam Generating Subsystem (SGS) 

The SGS i s  shown i n  F igu re  2-6. It uses  ho t  s a l t  t o  produce superhea t -  
ed steam f o r  t h e  t u r b i n e  gene ra to r .  The subsystem i n c l u d e s  a n  evapora- 
t o r ,  steam drum, b o i l e r  r e c i r c u l a t i o n  pump, s u p e r h e a t e r ,  ho t  s a l t  pump, 
a t t empera to r ,  a s s o c i a t e d  p ip ing  and v a l v e s ,  i n s t r u m e n t a t i o n ,  and a n  
e l e c t r i c  h e a t e r  f o r  s t a r t u p .  

The evapora to r  and s u p e r h e a t e r  are U-tube/U-shell t ype  hea t  exchangers,  
w i th  low-pressure s a l t  on t h e  s h e l l  s i d e  and h igh-pressure  water and 
steam on t h e  tube  s i d e .  
s e l e c t e d  t o  minimize thermal  stresses due t o  d i f f e r e n t i a l  expansion i n  
t h e  tubes  and tubeshee t s .  

This  s h e l l  and tube  c o n f i g u r a t i o n  has  been 
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A conventional steam drum, located above the evaporator, separates 
water from the saturated steam before the latter enters the super- 
heater. The drum receives feedwater from the feedwater heater. A 
forced recirculation design has been selected to effectively maintain 
nucleate boiling in the evaporator. Forced recirculation is also pre- 
ferred for power plants requiring daily startup and shutdown. 

The turbine requires a main steam temperature of 940"F, while the steam 
outlet temperature from the superheater is 1000°F. The superheater 
outlet steam is attemperated to 940°F by mixing with a small saturated 
steam flow from the drum. The salt flow from the superheater to the 
evaporator is also attemperated, from 906 to 850"F, by mixing with a 
cold salt flow from the salt pumps. This allows the use of chrome-aoly 
piping and fittings in the evaporator. 

SGS warmup is accomplished by isolating the subsystem and preheating 
the steam drum water with the subsystem's electrical circulation 
heaters. 

Steam pressure, steam temperature, drum water level, and the evaporator 
salt inlet temperature are controlled automatically by a Network 90 
control system supplied by the steam generator manufacturer. 
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2.1.5 Heat Re jec t ion  and Feedwater Subsystem (HRFS) 

The HRFS s e r v e s  t h r e e  main purposes.  F i r s t ,  i t  p r e h e a t s  and d e a e r a t e s  
t h e  t u r b i n e  condensate t o  t h e  r equ i r ed  SGS steam drum feedwater  i n l e t  
cond i t ions .  Second, i t  p r e s s u r i z e s  t h e  condensate-to-feedwater sys- 
t e m .  Thi rd ,  i t  rejects waste hea t  from t h e  EPGS condenser du r ing  nor- 
m a l  o p e r a t i o n ,  and from t h e  SGS dur ing  t r a n s i e n t s  such as a t u r b i n e  
t r i p  o r  shutdown o r  s t a r t u p .  The major components of t h e  HRFS are t h e  
coo l ing  towers,  coo l ing  water pump, sp ray  water pump, feedwater  pump, 
deae ra to r / f eedwa te r  h e a t e r ,  feedwater  h e a t e r ,  d e m i n e r a l i z e r s ,  makeup 
s t o r a g e  tank ,  condensate makeup pump, c y c l e  f i l l  pump, chemical feed- 
ers, water a n a l y z e r s ,  va lves ,  p ip ing ,  c o n t r o l s ,  and in s t rumen ta t ion .  
These major components, except  f o r  t h e  feedwater  pump and two i n t e r f a c e  
c o n t r o l  va lves ,  were used du r ing  p rev ious  CRTF tests. 

There are two f u n c t i o n a l  o p e r a t i n g  modes of t h e  HRFS. The f i r s t  mode 
is under normal o p e r a t i o n  when t h e  t u r b i n e  u s e s  two-thirds of t h e  
superheated steam from t h e  SGS and t h e  remaining one- th i rd  of t h e  
superhea ted  steam i s  used i n  t h e  HRFS f o r  d e a r e a t i n g  and p rehea t ing  t h e  
feedwater.  When t h e  t u r b i n e  i s  no t  i n  o p e r a t i o n ,  a l l  t h e  steam can be 
d i r e c t e d  t o  t h e  HRFS f o r  h e a t  r e j e c t i o n .  

The coo l ing  towers c o n s i s t  of s i x  fo rced -d ra f t ,  f inned-tube wa te r - toa i r  
hea t  exchangers,  o r i g i n a l l y  designed as Freon condensers f o r  r e f r i g e r a -  
t i o n  systems. Designed f o r  prev ious  t e s t i n g  ( t h e  10-MWe p i l o t  p l a n t  
pane l  t e s t ) ,  t h e  coo l ing  towers have a du ty  r a t i n g  of 7 MWt  (24 x l o 6  
Btu/h) provid ing  f o r  coo l ing  water from 200 t o  160°F by us ing  a i r  a t  
t h e  des ign  p o i n t  tempera ture  of 94°F. The t u r b i n e  condenser coo l ing  
r equ i r ed  f o r  t h i s  experiment,  however, i s  only  2.7 M W t  ( 8  x l o 6  
Btu/h),  o r  about one t h i r d  t h e  o r i g i n a l  r a t i n g .  A s  a r e s u l t ,  t h e  cool- 
i ng  towers can provide  coo l ing  water tempera tures  as  low as 75OF, a t  a n  
ambient a i r  tempera ture  of 52°F. 

2.1.6 E l e c t r i c  Power Generation Subsystem (EPGS) 

The EPGS conver t s  t h e  en tha lpy  i n  t h e  main steam f low t o  e l e c t r i c  
power. The subsystem i n c l u d e s  t h e  t u r b i n e  g e n e r a t o r ,  e l e c t r i c  power 
equipment, condenser,  condensa te  pump, condenser makeup water s t o r a g e  
t ank ,  and l u b r i c a t i o n  equipment. 

The tu rb ine -gene ra to r  se t  i s  r a t e d  a t  750 kWe and i s  a skid-mounted 
u n i t  l o c a t e d  a t  t h e  n o r t h  end of t h e  r e c e i v e r  tower complex a t  t h e  
80-ft  l e v e l  (F ig .  2-7). The u n i t  c o n s i s t s  of a t u r b i n e ,  stepdown gear -  
box, g e n e r a t o r ,  and a u x i l i a r y  equipment. The t u r b i n e  is a seven-stage,  
s ing le- f low machine, o p e r a t i n g  a t  17,443 rpm w i t h  a s h a f t  power ou tpu t  
of approximately 650 kWe wi th  t h e  a v a i l a b l e  condensate c o n d i t i o n s .  

Main steam c o n d i t i o n s  are  940°F and 1065 p s i a .  A s ing le - r educ t ion  
gearbox reduces t h e  t u r b i n e  s h a f t  speed t o  t h e  g e n e r a t o r  speed of 1200 
rpm. The g e n e r a t o r  o p e r a t e s  a t  480 V, and is cooled by c i r c u l a t i n g  
water through a i r - coo l ing  c o i l s  l o c a t e d  above t h e  gene ra to r .  The t u r -  
bine-generator a u x i l i a r i e s  i n c l u d e  a l u b r i c a t i n g  o i l  pump, lube  o i l  
c o o l e r ,  a i r  e j e c t i o n  vacuum pump, and mechanical h y d r a u l i c  governor.  
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A s h e l l  and tube  condenser,  suppor ted  by a separate frame, is l o c a t e d  
d i r e c t l y  below t h e  t u r b i n e .  
t h e  base of t h e  tower on a f l o o r  20 f t  below t h e  ground f l o o r  of t h e  
tower. 
i n g  of t h e  40-ft f l o o r  i s  below ground).  Condensate from t h e  ho t  w e l l  
of t h e  condenser i s  t r a n s f e r r e d  t o  t h e  feedwater  h e a t e r l d e a e r a t o r  when 
t h e  water l e v e l  i n  a d e a e r a t o r  r e q u i r e s  makeup. Otherwise, t h e  conden- 
sate  i s  pumped t o  a s t o r a g e  tank. 
back t o  t h e  condenser ho t  w e l l  when t h e  ho t  w e l l  l e v e l  r e q u i r e s  w a t e r .  

The tu rb ine -gene ra to r  se t  i s  i n s t a l l e d  i n  

The condenser i s  suppor ted  d i r e c t l y  below t h i s  f l o o r  ( t h e  c e i l -  

Condensate from t h i s  t a n k  i s  piped 

2.1.7 Master Cont ro l  Subsystem (MCS) 

The MCS c o n s i s t s  of a n  EMCON-D f o r  system c o n t r o l ,  a Ba i l ey  Network 90 
f o r  d i r e c t  SGS c o n t r o l ,  a n  Accurex d a t a  system f o r  t r a c e  h e a t  c o n t r o l ,  
and an  equipment p r o t e c t i o n  system. The equipment p r o t e c t i o n  system i s  
an  independent shutdown system composed of hardwired r e l a y  u n i t s .  
These r e l a y  t r i p  d e v i c e s  w i l l  shu t  down t h e  r e c e i v e r  o r  t h e  power gen- 
e r a t i o n  p o r t i o n  of t h e  p l a n t  when c r i t i c a l  parameters r each  preset 
l i m i t  va lues .  The r e l a y  u n i t s  are independent of t h e  EMCON-D and N e t -  
work 90 c o n t r o l  systems. Add i t iona l ly ,  a n  Accurex d a t a  logge r  i s  used 
t o  c o l l e c t  and d i s p l a y  a l l  t h e  tempera ture  measurements r e l a t i n g  t o  
hea t  t r a c i n g  as w e l l  as eng inee r ing  d a t a  from t h e  SGS. It a l s o  pro- 
v ides  closed-loop c o n t r o l  f o r  some h e a t i n g  c i r c u i t s .  

The EMCON-D c o n t r o l s  t h e  Network 90 and t h e  remainder of t h e  MSEE sub- 
systems. The EMCON-D i s  a d i s t r i b u t e d  d i g i t a l  c o n t r o l  s y s t e m  c o n s i s t -  
i ng  of two o p e r a t o r  conso le s  (Fig.  2-8), a h o s t  computer w i th  i t s  pe- 
r i p h e r a l  hardware, a communication c o n t r o l  module, and t h r e e  process  
c o n t r o l  modules d i s t r i b u t e d  among t h e  subsystems. The two EMCON-D 
o p e r a t o r  conso le s ,  and a hard copy u n i t ,  a r e  l o c a t e d  i n  t h e  CRTF main 
c o n t r o l  room (Fig.  2-9) p r e s e n t i n g  g r a p h i c  in fo rma t ion  t o  t h e  o p e r a t o r s  
on t h e  s t a t u s  of t h e  c o n t r o l  subsystem. The h o s t  computer i s  a DEC PDP 
11/34 u n i t  l o c a t e d  i n  t h e  c o n t r o l  room. This  computer l i n k s  t h e  opera- 
t o r  w i th  t h e  p rocess  c o n t r o l  modules (PCM) and ana lyzes  da ta  from t h e  
c o n t r o l  modules. A p r i n t e r  i s  a l s o  l o c a t e d  i n  t h e  c o n t r o l  room t o  pro- 
v ide  a hard copy of s p e c i f i c  d a t a ,  such as  va lve  p o s i t i o n s .  The pe- 
r i p h e r a l  equipment i n c l u d e s  two d i s k  d r i v e s ,  a n  alarm system, and a 
d a t a  a n a l y s i s  system. 

A communication c o n t r o l  module l i n k s  t h e  h o s t  computer w i t h  t h e  t h r e e  
f i e l d - l o c a t e d  p rocess  c o n t r o l  modules. Each PCM i s  a small  d i g i t a l  
computer capable  of monitoring a number of i n s t r u m e n t a t i o n  p o i n t s  and 
responding wi th  a number of process  c o n t r o l  s i g n a l s .  Communication be- 
tween t h e  c o n t r o l  modules and t h e  hos t  computer i s  accomplished through 
a series connect ion  of t h e  c o n t r o l  modules. This  d i s t r i b u t e d  c o n t r o l  
system reduces t h e  number of i n s t r u m e n t a t i o n  and c o n t r o l  l i n k s  between 
t h e  subsystems and c o n t r o l  room. 

Each PCM c o n s i s t s  of a d i g i t a l  computer c o n t r o l  u n i t ,  a m u l t i p l e x e r ,  an  
ana log - to -d ig i t a l  c o n v e r t e r ,  and a d ig i t a l - to -ana log  conve r t e r .  Analog 
s i g n a l s  from t h e  process  i n s t r u m e n t a t i o n  are  conver ted  t o  d i g i t a l  s i g -  
n a l s ,  s e l e c t e d  i n  r o t a t i o n  by t h e  m u l t i p l e x e r ,  and analyzed by t h e  con- 
t r o l  u n i t .  The module responds wi th  a n  ana log - to -d ig i t a l  c o n t r o l  s i g -  
n a l ,  which i s  s e n t  t o  t h e  a p p r o p r i a t e  c o n t r o l l e r .  Each PCM i s  capable  
of monitoring 95 ana log  s i g n a l s  a t  a t o t a l  sampling ra te  of 30 samples 
p e r  second, and c o n t r o l l i n g  64 on/of f  swi tches .  
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Figure 2-8 EMCON-D Operator Consoles 
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Figure 2-9 CR TF Main Control Room 



The r e c e i v e r  subsystem PCM modulates t h e  s a l t  f low rate  t o  t h e  r e c e i v e r  
t o  main ta in ,  as c l o s e l y  as p o s s i b l e ,  a c o n s t a n t  o u t l e t  t empera ture  of 
1050'F. The quasi-feed forward c o n t r o l  a lgo r i thm estimates t h e  absorb- 
ed power by t h e  r e c e i v e r  u s ing  tempera ture  measurements a long  t h e  re- 
c e i v e r  f low pa th ,  and de termines  t h e  s a l t  f low requ i r ed  t o  ma in ta in  t h e  
se t -po in t  o u t l e t  t empera ture  from a h e a t  balance.  

Cont ro l  of t h e  thermal s t o r a g e  subsystem invo lves  o p e r a t i o n  of t h e  two 
s a l t  downcomer f low c o n t r o l  v a l v e s ,  c o l d  s a l t  pumps, sa l t  s t o r a g e  t anks  
and p ip ing ,  h e a t  t r a c i n g ,  and t h e  propane-fired sa l t  h e a t e r .  The down- 
comer t h r o t t l i n g  va lves  are c o n t r o l l e d  by t h e  r e c e i v e r  c o n t r o l  system 
t o  ma in ta in  a c o n s t a n t  l e v e l  i n  t h e  r e c e i v e r  ho t  su rge  tank. S a l t  
equipment h e a t  trace tempera tures  are monitored con t inuous ly  by t h e  
Accurex d a t a  logge r .  If r equ i r ed ,  t h e  propane-fired salt  h e a t e r  i s  
opera ted  manually du r ing  subsystem checkouts.  Automatic c o n t r o l  of t h e  
HRFS and EPGS invo lves  c o n t r o l l i n g  t h e  steam and condensa te  f lows  t o  
t h e  feedwater  h e a t e r l d e a e r a t o r ,  steam f low t o  t h e  feedwater  h e a t e r ,  and 
ope ra t ing  t h e  coo l ing  water, sp ray  water condensate,  and feedwater  
pumps. The EPGS condenser tempera ture ,  l e v e l ,  and p r e s s u r e  are  moni- 
t o red  by t h e  master c o n t r o l  system. 
temperature and t h e  s a t u r a t i o n  tempera ture  cor responding  t o  t h e  feed-  
water h e a t e r l d e a e r a t o r  p r e s s u r e  are maintained by c o n t r o l l i n g  t h e  steam 
f low from t h e  main steam header.  The f i n a l  feedwater  tempera ture  i s  
maintained by c o n t r o l l i n g  t h e  main steam f low t o  t h e  feedwater  h e a t e r .  

The feedwater  h e a t e r l d e a e r a t o r  

Automatic c o n t r o l  of t h e  steam g e n e r a t i o n  subsystem p r i m a r i l y  i n v o l v e s  
t h e  c o n t r o l  of steam p r e s s u r e ,  steam tempera ture ,  drum water l e v e l ,  and 
t h e  evapora to r  sa l t  i n l e t  t empera ture  through t h e  Network 90 c o n t r o l  
system. The water l e v e l  i n  t h e  drum i s  c o n t r o l l e d  by modulating t h e  
c o n t r o l  va lve  downstream of t h e  feedwater  pump. Cont ro l  of t h e  main 
steam p r e s s u r e  i s  accomplished by modulating t h e  sa l t  f low c o n t r o l  
va lve  downstream of t h e  evapora tor .  Steam tempera ture  i s  c o n t r o l l e d  
us ing  an  a t t e m p e r a t o r  t o  mix steam from t h e  steam drum wi th  t h e  output  
of t h e  supe rhea te r .  The evapora to r  sa l t  i n l e t  t e m p e r a t u r e  i s  c o n t r o l l -  
ed by monitoring t h e  i n l e t  s a l t  tempera ture  and modulating t h e  co ld  
s a l t  c o n t r o l  va lve  a t  t h e  mixing t e e  between t h e  s u p e r h e a t e r  and 
evapora tor .  

2.2 APPROACH 

The experiment was assembled us ing  subsystems i n  d i f f e r e n t  s t a g e s  of 
development. The r e c e i v e r  and thermal  s t o r a g e  were b u i l t  and t e s t e d  as 
separate experiments,  and t h e i r  e s t a b l i s h e d  performance r a t i n g s  and 
c h a r a c t e r i s t i c s ,  t o g e t h e r  w i t h  those  of t h e  e x i s t i n g  f i e l d  a t  CRTF, 
formed t h e  b a s i s  of t h e  o v e r a l l  performance r a t i n g  of t h e  experiment.  
The molten s a l t  steam g e n e r a t o r  w a s  des igned  and b u i l t  w i th  a thermal 
r a t i n g  s u f f i c i e n t  t o  supply  steam f o r  a 750 kWe tu rb ine -gene ra to r  and 
compatible wi th  t h e  supply of molten s a l t - s e n s i b l e  h e a t  from t h e  f i r s t  
t h r e e  subsystems. 
sh ipboard  t u r b i n e  gene ra to r .  
t h e  HRFS and t h e  EMCON-D c o n t r o l  system. Other new equipment inc luded  
t h e  co ld  and ho t  su rge  t anks ,  downcomer, riser, c o n t r o l  v a l v e s ,  and a 
boost pump connect ing  t h e  thermal  s t o r a g e  wi th  t h e  r e c e i v e r  subsystem, 
and t h e  p ip ing  connec t ing  t h e  steam g e n e r a t o r  w i th  t h e  thermal  s t o r a g e  
and hea t  r e j e c t i o n  subsystems. 

Electr ic  power i s  genera ted  by a p rev ious ly  used 
Other e x i s t i n g  equipment used inc luded  
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2.2.1 
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4 r  c * 
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Specification 

Storage SGS EPGS 
lCD* ICD* ICD* 

The principal elements of the systems integration effort are indicated 
by the documentation tree shown on Figure 2-10. The system specifica- 
tion provides a complete definition of the experiment, including a 
method for evaluating its performance. Five principal modes of opera- 
tion have been specified: 

I 

1) Warm standby - circulating salt; system ready to begin operation. 
2) Shutdown - no salt in system. 

b .  

3 )  Charging storage with solar - no electric power production. 

1 I I 

4 )  Electric power from storage only - no collection of solar energy. 

I I I 

5) Charge storage and electric power production - full operation of 
s y s t em. 

Turnover Turnover 
Records Records 

\ 

System 
Specification 

1 4 
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Configuration 
Management Plan - - 
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Procedures 
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Figure 2-1 0 MSEE Documentation Tree 
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The test plan defines the specific tests to be conducted. The Phase I 
testing was specified at three major levels: (1) standalone checkouts, 
(2) subsystem tests, and ( 3 )  total system tests. The first was accom- 
plished by analyses, visual inspection, and interface instrumentation. 
Subsystem tests were conducted to verify flow, temperature, and pres- 
sure requirements, and to evaluate subsystem and control response to 
transients. 
whole, refine normal operating procedures, and perform system demon- 
stration and verification tests. 
schedule was to put the highest priority on testing the new elements of 
the system. However, the plan provides alternative sequences to work 
around delays resulting from equipment failures or construction 
problems. 

Total system tests are used to develop the system as a 

The overall approach to the test 

The test procedures provided step-by-step sequences for checkout, 
startup, operation, and testing of individual modes. The configuration 
management plan provided a method of control and documentation of the 
as-built, as-tested configuration of the MSEE. The interface control 
documents (ICD) define the interfaces among the various subsystems. 
The master control subsystem requirements specification defines the 
complete MCS and its interaction with the various subsystems of the 
MSEE. The hazards analysis provides a systematic identification of 
hazards and qualitative safety analysis of the MSEE in all modes of 
operation. The failure modes and effects analysis (FMEA) identifies 
single-point failure modes in the major subsystems of the MSEE with the 
exception of the collector subsystem. 

2.2.2 System Performance 

An MSEE system performance analysis was conducted to predict the over- 
all rating and efficiency of the experiment under simulated commercial 
type operation. The principal results are shown on Figures 2-11 
through 2-14. The first three of these are stairstep diagrams for the 
design point, performance day, and yearly performance, respectively. 
The design point was selected as solar noon on December 21, 1983 (Day 
355) corresponding to maximum collector field efficiency, and using an 
insolation level of 950 W/m2. The performance day was somewhat arbi- 
trarily selected to be Day 142, coinciding with the planned performance 
test on May 21, 1984. The annual performance estimates were based on 
the Albuquerque typical meteorological year (TMY), and were accomplish- 
ed using a modified Solar Thermal Electric Annual Energy Calculator 
(STEAEC) model. 

Figure 2-14 shows the receiver power diagram associated with the per- 
formance day stair step of Figure 2-12. The solid line on this figure 
represents the power available to the receiver from the collector 
field, and the dashed line shows the power that can be used by the re- 
ceiver using available salt flow from the cold storage tank. The salt 
flow is constrained by the size of the line and the valves between the 
cold tank and the sump. The total time span, including pretest and 
posttest activities, associated with this power profile is approxi- 
mately 13 hours. The overall efficiency of the experiment is but a 
fraction of what is to be expected from a commercial-scale plant. This 
is due in part to the relatively small scale of the experiment (e.g., 
large percentage of parasitics) and in part to the fact that the exper- 
iment was put together using existing subsystems without an opportunity 
for systemsor subsystems-level optimization. 
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Ddy 355 

Solar Noon 

950 wim2 Irlsoldt~otl 

Power to Storage 
(Incl Stg Losses) 

Gross Power 
from Turb~ne 

0.750 MWe Net Power 
fron; Plant 

13.5% 0.413 MW, 

7.53% h 
MSEE Energy Conversion Subsystems + 

Figure 2-1 1 Calculated Design Point Stairstep Efficiencies 
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2.3 PHASE I PROGRAM HISTORY AND STATUS 

February 1982 
June 1982 
September 1982 
January 1983 
January 1983 
May 1983 
May 1983 
September 1983 
October 1983 
October 1983 
December 1983 
December 1983 
Apri l  1984 

Apri l  1984 
June 1984 
July 1984 

The Phase I program h i s t o r y  and s t a t u s  are summarized i n  Tables  2-2, 
2-3, and 2-4. Table 2-2 shows t h e  program mi le s tones  completed du r ing  
t h e  r e p o r t i n g  period. The o r i g i n a l  t es t  p l an  p laced  t h e  h i g h e s t  p r i o r -  
i t y  on steam g e n e r a t o r  t e s t i n g ,  followed by r e c e i v e r  and t u r b i n e  gener- 
a t o r  testing. The a c t u a l  p r i o r i t i e s ,  however, were d i c t a t e d  by t h e  
a v a i l a b i l i t y  of equipment, and r equ i r ed  t h a t  t h e  o r i g i n a l  o p e r a t i n g  
procedures be a l t e r e d  accord ingly .  

Black & Veatch Design Contrast 
Receiver Refurbishment Contrast 
Babcock & Wilcox Steam Generator Contract 
Martin Marietta Systems Integrator Contract 
Construction at CRTF Begins 
Raise Receiver t o  Top of  Tower 
Steam Generator Onsite 
Salt Flow through Receiver 
105OoF Salt t o  Storage f rom Receiver 
Automatic Control of  Receiver 
Rated Steam Production 
Turbine Ro l l  
McDonnell Douglas Assumes System Integra- 

t ion  Role 
Synchronize t o  Grid 
First-Rated Turbine Output 
End of Phase I/Begin Phase II 
Turbine Synchronized t o  Grid 

Table 2-3 l i s t s  t h e  major problems encountered dur ing  checkout t e s t i n g  
on a subsystem b a s i s ,  w i t h  t h e  r e s u l t i n g  downtimes i n  test  days as w e l l  
as percentages  of t h e  t o t a l .  Table 2-4 l is ts  t h e  tests completed dur- 
i n g  Phase I. These do no t  i n c l u d e  a l l  of t h e  tes ts  o r i g i n a l l y  planned, 
some of which have been e i t h e r  d e l e t e d  o r  rescheduled f o r  Phase I1 as a 
r e s u l t  of a r e c e n t  r e s t r u c t u r i n g  of t h e  MSEE program. 

Table 2-2 MSEE Phase I Project Milestones 

Date Milestone 
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Table 2-3 
Problems Encountered during Testing (7/26/83 
through 4/6/84) 

1 Circulation Heater 
Burnout 30 

BWCP Motor Burnout 23 
BWCP Bearing Failure 13 
Circulation Heater 

Replacemen 5 
Overnight Hold 4 
Salt Valve Repair 4 
Control Hardware 6 
Heater Rupture 36 

Total SGS: 121 47.3 

Approximate Downtime 

Subsystem I Problem Test Days Percent 

Receiver Heat Trace Problems 16 
Valve Leakage Causing 

Ho t  Tank Inlet Freezeup 5 
Salt Overtemperature 

(Greater than 398'C 
[750°Fl ) 5 

Salt Plug in Downcomer 3 
Boost Pump 14 

Total RS: 43 16.8 

Thermal 
Storage 

Steam 
Generator 

Corroded Bellows 3 
Valve SeatdGaskets 5 

TotalTSS: 8 3.1 

EPGS 

Facility 

Other 

~~ ~ 

Attempted 
Sychronization 13 

Total EPGS: 13 5.1 

Circuit Breaker 6 
Wiring Problem 4 
Heliostats Unavailable 2 
Power Outages 1 
Computer 4 
Feedwater Pump 3 
Spray Water Heat 

Exchanger 4 

Total Facility: 24  9.4 

Installation of H o t  
Sump Bypass 3 

Weather 23 
Maintenance 12 
Procedure Dev Follow- 

ing Receiver Salt Spill 9 

Total Miscellaneous: 47 18.3 
Grand Total:256 100.0 
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Table 2-4 Phase I Tests Completed Tbrougb July 18, 1984 
-~ 
Receiver lntegrated Testing 

Cold Salt Flow w i th  Transients 
Ho t  Salt Flow w i th  Transients 
Cold Salt Flow Margin Test 
Manual Sequence Demonstration 
Automatic Sequence Demonstration 
Cloud Simulation 

Steam Generation Acceptance Testing 

Initial Control Loop Checkout 
Ho t  Salt Flows wi th  Transients 
Diurnal Standby (No Salt Flow)-Hold Overnight 
Load Following-lO%lminute 
Feedwater Loss Safe Shutdown 
Salt Flow Loss Safe Shutdown 
Manual Sequence Demonstration 
Retest under MCS Control 

Electric Power Generation Testing 

Vibration/Bearing Test (10 t o  100%) 
No-Load Generator Grid Synchronization 
Steady-State Loads w i th  Transients 
Load Variations (5 81 lO%/Minute) 
Turbine Upsets 
Margin Load Test 

Total System Engineering Development 

30% Load Performance w i th  Transients 
60% Load Performance w i th  Transients 
100% Load Performance wi th  Transients 
Simulated Cloud Operation 
Manual Sequence Demonstration 

System Demonstration & Verification Testing 

"Warm Standby" Operation 
Thermal Stroage Operation 
Solar & Thermal Storage Operation 
Cloud Performance (Partial Solar) 

2.4 TEST RESULTS 

Receiver  and steam g e n e r a t o r  tes t  d a t a ,  w i t h  comparisons t o  p r e d i c t i o n s  
(where a p p l i c a b l e ) ,  are summarized i n  Table 2-5. 

Table 2-5 Test Results Summa y 
1 I 

Performance Parameter I Predicted 

Receiver Input 
Receiver Output 
Salt Flow t o  Receiver 
Steam Generator Outlet Temp 
Steam Generator Outlet Pressure 
Steam Generator Steam Flow 
Ho t  Tank Heat Loss at 677'C (lO5O0F) 
Cold Tank Heat Loss at 310'C (590'F) 
Cold Tank Salt Level Height Reqd for 10.9 kg/s Outf low 
Riser Velocity Head Loss 
Downcomer Velocity Head Loss 
Pump Head fo r  Riser at Max Flow 

5.0 MWt 

10.98 kg/s (Max Required) 
510'C (950'F) 
75.8 MPa 
1.46 kgls 
17.24 kW 
6.20 kW 
0.92 m 
142 
100 
121 m 

Total Parasitic Loss 1 

Measured 

5.25 MWt (Max SRE) 
4.71 MWt (Max SRE) 
12.00 kg/s 
509'C (948OF) 
74.4 MPa 
1.33 17.45 kgls kW 

8.38 kW 
1.09 m 
142-200 

119-121 m 
66  kWe 

100- 133 
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3.0 LESSONS LEARNED 

An important MSEE o b j e c t i v e  is t o  inform p o t e n t i a l  u s e r s  of t h e  molten 
s a l t  s o l a r  technology of t h e  l e s s o n s  l ea rned .  
feedwater  subsystem (HRFS) and e l ec t r i c  power g e n e r a t i o n  subsystem 
(EPGS) hardware is unique t o  t h e  MSEE experiment. 
s i g n i f i c a n t  problems occurred  i n  t h e s e  subsystems, t h e y  are n o t  a p p l i -  
cab le  t o  f u t u r e  sa l t  systems, consequent ly ,  t h e s e  problems are n o t  d i s -  
cussed. A d e t a i l e d  r e p o r t  w i l l  be w r i t t e n  f o r  t h e  steam g e n e r a t o r  sub- 
system by Babcock and Wilcox (B&W). 

The h e a t  r e j e c t i o n  and 

Although s e v e r a l  

3.1 CONTROL AND DATA ACQUISITION SYSTEM 

The most impor tan t  l e s s o n s  l ea rned  concerning t h e  c o n t r o l  and d a t a  
a c q u i s i t i o n  system were: 

1) Requirements d e f i n i t i o n ,  hardware s e l e c t i o n ,  and computer programm- 
ing  should be done by one o rgan iza t ion .  

On t h i s  program, Mar t in  Marietta w a s  r e s p o n s i b l e  f o r  d e f i n i n g  con- 
t r o l  and d a t a  a c q u i s i t i o n  system requirements.  CRTF de f ined  t h e  
hardware and performed t h e  computer programming. This  d i v i s i o n  of 
r e s p o n s i b i l i t i e s  c r e a t e d  some i n t e r f a c e  problems. Also some prob- 
lems occurred  wi th  t h e  requi rements  s p e c i f i c a t i o n  not  being per- 
f e c t l y  c lear ,  and a n  incomplete l a c k  of unders tanding  of t h e  re- 
quirements by CRTF personnel.  

2) Cont ro l  and d a t a  a c q u i s i t i o n  system requirements should be def ined  
be fo re  a system is s e l e c t e d  t o  implement those  requirements.  

The EMCON D-2 system w a s  s e l e c t e d  be fo re  t h e  c o n t r o l  and d a t a  ac- 
q u i s i t i o n  system requi rements  were de f ined  because t h e  EMCON D-2 
system w a s  a v a i l a b l e  from a n o t h e r  program. This  imposed l i m i t a -  
t i o n s  on t h e  c o n t r o l  system i n  s e v e r a l  areas, e .g . ,  t h e  sampling 
rate c a p a b i l i t y  is low, and t h e  amount of l o g i c  a v a i l a b l e  f o r  au to-  
matic sequencing is l i m i t e d .  

3) A s i n g l e  system should be used f o r  c o n t r o l  and d a t a  a c q u i s i t i o n s ,  
i n s t e a d  of t h r e e  systems (EMCON D-2, Bai ley  Network 90, and t h e  
Accurex). 

During t h e  tes t  program, t h e  i n t e r f a c e  between t h e  EMCON D-2 system 
and t h e  Ba i l ey  Network 90 system o c c a s i o n a l l y  caused problems. For 
example, o p e r a t o r s  were confused about  which system w a s  c o n t r o l l i n g  
a va lve  and what t h e  a c t u a l  va lve  p o s i t i o n  w a s .  Also ,  us ing  mul t i -  
p l e  systems reduced system r e l i a b i l i t y ;  f a i l u r e s  i n  e i t h e r  t h e  
EMCON D-2 o r  t h e  Bai ley  Network 90 system could (and d i d  a t  t imes )  
prevent  t e s t i n g  of t h e  steam gene ra to r .  
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4 )  More than  two o p e r a t o r  consoles  are  needed dur ing  checkout.  

The EMCON D-2 system had only  two o p e r a t o r  consoles .  
check-out, t h r e e  o r  f o u r  should have been provided t o  allow t h e  
o p e r a t o r s  t o  monitor  more c l o s e l y  t h e  i n s t r u m e n t a t i o n  i n  t h e  sev- 
e ra l  subsystems. 

During 

5) Alarms should be used more e f f e c t i v e l y  dur ing  checkout.  

The alarms were a c t i v e  f o r  most of t h e  checkout t i m e  per iod.  Many 
alarms were showing up a t  a l l  times, and so  t h e  alarms d i d  n o t  g e t  
t h e  o p e r a t o r s '  a t t e n t i o n  as much as they  should have. It w a s  l a te  
i n  t h e  checkout time per iod  before  t h e  alarms were enabled o n l y  a t  
t h e  a p p r o p r i a t e  p o i n t  i n  t h e  s t a r t u p  sequence. I f  t h i s  had been 
done sooner ,  i t  could have helped t h e  o p e r a t o r s  t o  be aware of a n  
a c t u a l  a larm c o n d i t i o n  (and could have prevented some i n c i d e n t s  
such as s a l t  s p i l l s  t h a t  r e s u l t e d  i n  d e l a y s  i n  t h e  t es t  program). 

6 )  The Equipment P r o t e c t i o n  System (EPS) should be connected and used 
e a r l i e r  i n  t h e  checkout phase. 

The EPS was n o t  i n s t a l l e d  and connected u n t i l  n e a r  t h e  end of t h e  
t e s t  program. I f  i t  had been i n s t a l l e d  and used ear l ie r ,  i t  could 
have t r i p p e d  t h e  p l a n t  and prevented some c o n d i t i o n s  t h a t  delayed 
t h e  tes t  program (e.g. ,  s a l t  s p i l l s ) .  

7) Great care must be used t o  avoid t i m e  d e l a y s  i n  c r i t i c a l  feedback 
c o n t r o l  loops.  

I n  s p i t e  of a n  awareness of t h e  problems t h a t  t i m e  d e l a y s  can 
cause,  t h e  i n i t i a l  i n s t a l l a t i o n  of t h e  thermocouples used i n  t h e  
r e c e i v e r  c o n t r o l  a lgor i thm in t roduced  t i m e  d e l a y s  t h a t  had a seri- 
ous d e t r i m e n t a l  e f f e c t  on r e c e i v e r  c o n t r o l .  

8) Automatic sequences cannot be d e f i n e d  u n t i l  manual sequences are 
run and checked ou t .  

Flow c h a r t s  were prepared f o r  au tomat ic  c o n t r o l  sequences b e f o r e  
MSEE checkout was begun. Such f low c h a r t s  can be used t o  o b t a i n  
a n  estimate of t h e  amount of l o g i c  r e q u i r e d ,  but  t h e  a c t u a l  se- 
quences changed s i g n i f i c a n t l y  as  a r e s u l t  of going through t h e  
manual s t a r t u p  and shutdown sequences. 

9 )  Redundancy should be used i n  t h e  c o n t r o l  and d a t a  a c q u i s i t i o n  sys-  
t e m  hardware. 

A t  t i m e s  a s i n g l e  f a i l u r e  i n  e i t h e r  t h e  EMCON D-2 system o r  t h e  
Bai ley  Network 90 system s h u t  down tes t  o p e r a t i o n s .  The use  of 
d u a l  redundancy could have improved system a v a i l a b i l i t y .  

l o )  A b e t t e r  d a t a  record ing  system i s  needed. 
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I n  c a s e s  such as  s a l t  s p i l l s ,  t h e  d a t a  recorded were inadequate  f o r  
ana lyz ing  t h e  f a i l u r e .  A h ighe r  d a t a - r a t e  c a p a b i l i t y  should be 
provided f o r  r eco rd ing  tes t  d a t a ,  and a sequence-of-events record- 
i ng  c a p a b i l i t y  should be inc luded  i n  t h e  system f o r  p o s t f a i l u r e  
a n a l y s i s .  

3 . 2  VALVES 

We encountered many problems wi th  va lves .  It i s  impor tan t  t o  pay a t -  
t e n t i o n  t o  d e t a i l s  i n  t h e  des ign ,  a n a l y s i s ,  f a b r i c a t i o n ,  i n s t a l l a t i o n ,  
and checkout of a l l  va lves- -espec ia l ly  s a l t  va lves .  

The molten s a l t  va lves  used i n  t h e  system i n c l u d e  g lobe  va lves  wi th  
bellows stem seals from both  Kie ley  and Mueller (K&M) and from Valtek 
a s  w e l l  as r o t a r y  va lves  from Valtek. 

1) Molten sa l t  systems should be designed t o  a l l o w  f o r  leakage  through 
t h e  va lves  without caus ing  s p i l l a g e  o r  damage t o  t h e  system. 

The va lves  were r equ i r ed  t o  meet t h e  ANSI Class  4 l eakage  r equ i r e -  
ment (0.004% of max f low) .  However, most va lves  l e a k  i n t e r n a l l y  
( through t h e  s e a t )  a t  a rate h ighe r  t han  0.004%. When t h i s  happens 
wi th  s a l t ,  i t  i s  very important t o  e i t h e r  c o n t a i n  t h e  leakage  o r  t o  
pump i t  t o  s t o r a g e  t anks  where i t  can  be conta ined .  E x t e r n a l  leak-  
age of t h e  s a l t  causes  problems. We recommend t h a t  systems be de- 
s igned  based on t h e  assumption t h a t  t h e r e  w i l l  be some i n t e r n a l  
leakage  and t h a t  t h e  system should be a b l e  t o  accep t  t h e  leakage  by 
con ta in ing  t h e  s a l t  i n  t h e  sumps o r  s t o r a g e  t anks  so t h a t  i t  does 
not s p i l l  o r  damage t h e  i n s u l a t i o n  o r  pump packings.  

2 )  Proper d e t a i l e d  des ign ,  m a t e r i a l  s e l e c t i o n ,  and q u a l i t y  c o n t r o l  are 
v i t a l  t o  o b t a i n i n g  a r e l i a b l e  bellows stem seal  i n  molten s a l t  
va lves .  

Bellows type  seals appear  t o  be t h e  on ly  a c c e p t a b l e  s e a l i n g  method 
f o r  g lobe  va lves  f o r  molten s a l t  s e r v i c e .  Limited t e s t i n g  a t  
Mar t in  M a r i e t t a  i n d i c a t e d  t h a t  conven t iona l  packing w i l l  no t  s e a l  
a g a i n s t  molten s a l t  i n  g lobe  v a l v e s ,  a l though i t  works i n  r o t a r y  
va lves .  

Recommended f o r  medium- and high-temperature s e r v i c e  are 316 s t a i n -  
less s t e e l  and Inconel  625, r e s p e c t i v e l y .  Severe c o r r o s i o n  l e a d i n g  
t o  bellows f a i l u r e  was exper ienced  i n  an  MSEE i s o l a t i o n  va lve  where 
347 s t a i n l e s s  steel  w a s  i n a d v e r t e n t l y  used as t h e  bellows material. 
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The bellows should be of s ing le-p ly ,  seamless o r  bu t t -welded  con- 
s t r u c t i o n ,  w i t h  s u f f i c i e n t  w a l l  t h i c k n e s s  t o  a l l o w  f o r  c o r r o s i o n .  
(Material c e r t i f i c a t i o n  should be r equ i r ed  f o r  t h e  bellows materi- 
a l . )  Multi-ply and/or  lap-welded c o n s t r u c t i o n  i s  conducive t o  ac- 
c e l e r a t e d  c o r r o s i o n  due t o  entrapment of sa l t  between t h e  l a y e r s ,  
as i n d i c a t e d  by t h e  f a i l u r e  a n a l y s i s  of t h e  i s o l a t i o n  v a l v e  men- 
t ioned  above. 

3) The o p e r a t i o n  of molten sa l t  va lves  below t h e  f r e e z i n g  p o i n t  must 
be avoided t o  prevent  damage t o  t h e  stem seals. 

It is d i f f i c u l t  t o  completely d r a i n  molten sa l t  from t h e  bellows 
seal. When t h e  s a l t  was f r o z e n  between t h e  bellows convo lu t ions ,  
very  h igh  stress occurred  t h a t  caused bellows f a i l u r e s .  

4 )  The Kieley and Mueller va lve  des ign  used i n  t h e  MSEE is n o t  recom- 
mended f o r  use  as c o n t r o l  va lves  i n  molten sa l t  systems. 

The Kie ley  and Muel le r  va lves  have s e v e r a l  s e r i o u s  des ign  problems 
and are not  recommended i n  sa l t  systems as c o n t r o l  va lves .  They 
may be a c c e p t a b l e  as i s o l a t i o n  va lves .  These va lves  have small 
d iameter  stems (1/2-in. d i a ) ,  which r e s u l t e d  i n  s e v e r e  v i b r a t i o n  
problems. Also, t h e  s h a f t s  were e a s i l y  bent by us ing  t h e  hand 
wheel f o r  manual c l o s i n g  and t h e  seats were threaded  i n t o  t h e  body, 
making them d i f f i c u l t  t o  remove ( s t a i n l e s s  steel  g a l l i n g ) .  

5) A d e t a i l e d  thermal  a n a l y s i s  of s a l t  va lves  is r equ i r ed  t o  p r e d i c t  
and c o n t r o l  tempera tures  of t h e  va lves .  

It is d i f f i c u l t  t o  ma in ta in  va lve  tempera ture  requi rements  u s ing  a 
s t anda rd  va lve  yoke des ign .  The r equ i r ed  i n s u l a t i o n  t ends  t o  i n -  
t e r f e r e  w i t h  p o s i t i o n e r s  and l i m i t  swi tches .  Also, t h e  v a l v e  t e m -  
p e r a t u r e  t ends  t o  be s e n s i t i v e  t o  wind speed. We b e l i e v e  i t  is i m -  
p o r t a n t  t o  work ve ry  c l o s e l y  w i t h  t h e  va lve  manufac turer  du r ing  
design. A d e t a i l e d  thermal  computer model should be developed t o  
a s s u r e  t h a t  t h e  va lve  tempera ture  can  be maintained w i t h  a reason- 
a b l e  amount of t r a c e  hea t ing  over  t h e  expected range of ambient 
tempera tures  and wind speeds. It would be d e s i r a b l e  t o  l eng then  
t h e  yoke t o  reduce t h e  h e a t  l e a k  and a l l o w  adequate  room f o r  t h e  
i n s u l a t i o n ,  p o s i t i o n e r ,  and swi tches .  It i s  a l s o  d e s i r a b l e  t o  add 
wind s h i e l d s .  However, because they  could i n t e r f e r e  w i t h  mainten- 
ance and ad jus tments ,  ex tending  the yoke appea r s  t o  be a b e t t e r  
s o l u t i o n .  

The use  of a s e p a r a t e  h e a t e r  on each  v a l v e  w i t h  i t s  own a c t i v e  con- 
t r o l  adds complexity and c o s t .  However, i t  should prevent  c o l d  
temperatures.  

6 )  Valve p o s i t i o n  i n d i c a t o r s  were poor q u a l i t y .  

The p o s i t i o n  i n d i c a t o r s  and hardware a s s o c i a t e d  w i t h  them were de- 
s igned  as an  add-on t o  t h e  Val tek  va lves .  The b r a c k e t s  supp l i ed  
would bend, r e s u l t i n g  i n  f a l s e  r ead ings  on t h e  i n d i c a t o r s .  Eventu- 
a l l y  they  broke. I f  p o s i t i o n  i n d i c a t o r s  are t o  be r e l i e d  on f o r  
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accuracy ,  more c o n s i d e r a t i o n  must be g i v e n  by t h e  manufacturer  t o  
t h e i r  d e s i g n  and method of a t tachment ,  
w i t h  t h e  Val tek v a l v e s  have a dead band from 5 t o  25% of t h e  v a l v e  
s t r o k e .  They cannot be r e l i e d  on when determining t h e  open o r  
c losed  p o s i t i o n  of a valve.  More a c c u r a t e  l i m i t  swi tches  are 
a v a i l a b l e  and should be considered.  

The l i m i t  swi tches  suppl ied  

7)  The Val tek va lve  p o s i t i o n e r  i s  t o o  s e n s i t i v e  and must be redesigned 
t o  r e l i a b l y  c o n t r o l  t h e  v a l v e  p o s i t i o n .  

8) Valve assembly must be c a r e f u l l y  monitored p a r t i c u l a r l y  when i t  i s  
done i n  t h e  f i e l d .  

Val tek r e q u i r e s  disassembly of i t s  v a l v e s  i n  o r d e r  t o  weld t h e  
va lve  body i n t o  t h e  l i n e .  A s  a r e s u l t ,  t h e  v a l v e s  had t o  be reas- 
sembled i n  t h e  f i e l d .  Even though t h i s  w a s  done by t h e i r  f i e l d  en- 
g i n e e r ,  s e r i o u s  e r r o r s  were made. Some v a l v e s  were reassembled 
wi th  t h e  seats i n s t a l l e d  backwards. The seat  i n  t h e  Val tek v a l v e  
i s  machined t o  f i t  e i t h e r  way; however, t h e  seal  between t h e  seat 
and t h e  body works o n l y  when t h e  seat i s  i n s t a l l e d  proper ly .  The 
r e s u l t  was i n t e r n a l  leakage.  Closer  monitor ing of v a l v e  reassembly 
i s  needed. The need t o  disassemble t h e  va lve  f o r  f i e l d  welding 
should be i n v e s t i g a t e d .  

9 )  A c a r e f u l  s t a t u s  of t h e  v a l v e s  dur ing  f a b r i c a t i o n  should be main- 
t a i n e d  t o  ensure  t h e  d e l i v e r y  d a t e  i s  m e t .  

S i g n i f i c a n t  problems were encountered w i t h  procurement d e l a y s  f o r  
t h e  Val tek valves .  When t h e  s t a t u s  w a s  determined n e a r  t h e  t i m e  of 
va lve  d e l i v e r y ,  i t  w a s  found t h a t  they  were f a r  behind t h e  o r i g i n a l  
schedule .  S i m i l a r  problems were encountered w i t h  t h e  Kie ley  and 
Mueller va lves  on t h e  r e c e i v e r  SRE program. 

3 . 3  PUMPS 

A l l  t h r e e  pumps used i n  t h e  MSEE were of a v e r t i c a l  c a n t i l e v e r  d e s i g n  
w i t h  no bear ing  o r  seals i n  t h e  molten s a l t .  This  i s  o u r  recommended 
d e s i g n  f o r  molten s a l t  s e r v i c e .  

1 )  Hot Pump - The ho t  pump performed w e l l  and d i d  n o t  p r e s e n t  any 
problems. 

2 )  Cold Pump - During drainback,  t h e  pump s p i n s  backwards. The sup- 
p l i e r  w a s  concerned t h a t  t h e  i m p e l l e r  n u t  might be loosened. We 
solved t h i s  problem by changing t h e  procedures  s o  t h a t  a minimum of 
r e v e r s e  s p i n  w a s  encountered d u r i n g  drainback.  

3) Boost Pump - Adequate d e f l e c t o r s  and d r a i n  h o l e s  must be provided 
i n  a v e r t i c a l  pump t o  prevent  damage and leakage from t h e  s h a f t  
packing. 
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We had problems f r e e z i n g  t h e  s h a f t  of t h e  boost pump a t  t h e  packing. 
It w a s  no t  p o s s i b l e  t o  g e t  enough trace hea t ing  on t h e  packing t o  keep 
it above t h e  f r e e z i n g  po in t  because of t h e  pump design.  The problem 
was i n i t i a l l y  overcome by combinations of "bumping" t h e  pump a f t e r  
shutdown and hea t ing  t h e  packing wi th  a torch .  
became excess ive .  
d e f l e c t o r s  and more d r a i n  holes .  
rubbing. 
packing area wi th  t h e  torch .  

Eventua l ly  t h e  leakage  
It became necessary  t o  disassemble t h e  pump and add 

This  w a s  probably caused by s h a f t  bending due t o  hea t ing  t h e  
The i m p e l l e r  seal had been damaged by 

3 . 4  TRACE HEATING 

Re l i ab le  trace hea t ing  r e q u i r e s  a d e t a i l e d  thermal  a n a l y s i s ,  a long 
l i f e  c a b l e  des ign ,  and c a r e f u l  i n s t a l l a t i o n  of t h e  c a b l e  and i n s u l a t i o n .  

1) Heat Trace Cable Design - Considerable  p rogres s  has  been made i n  
hea t  trace c a b l e  des ign  on t h e  MSEE program, but  more work should 
be done. 
c a b l e s  wi th  a t o t a l  l e n g t h  of 8000 f t .  

There were n ine  f a i l u r e s  i n  t h e  system c o n s i s t i n g  of 216 

The hea t  trace c a b l e  used i s  a sea l ed  u n i t  w i th  a n  Inconel  600 
shea th  and MgO i n s u l a t i o n .  Of t h e  n i n e  f a i l u r e s ,  f o u r  were i n  t h e  
t r a n s i t i o n  (nichrome t o  copper)  braze  j o i n t  and f i v e  were i n  t h e  
cable .  A p o s s i b l e  cause  f o r  f a i l u r e  i n  t h e  t r a n s i t i o n  j o i n t s  w a s  
t h e  use of a wrong e lectr ical  i s o l a t o r :  most of ou r  c a b l e s  are 
s i n g l e - w i r e  c a b l e s ,  but t h e  e lec t r ica l  i s o l a t o r  w a s  designed f o r  
two wires. This  r e s u l t e d  i n  some a d d i t i o n a l  stress i n  t h e  w i r e .  
The a c t u a l  cause of f a i l u r e s  i s  not  known and r e q u i r e s  f u r t h e r  
i n v e s t i g a t i o n .  

2) I n s t a l l a t i o n  - Our i n s t a l l a t i o n  approach used two c a b l e s  (one a 
b u i l t - i n  spare) covered wi th  s teel  f o i l ,  calcium s i l i c a t e  i n s u l a -  
t i o n ,  and pass ive  c o n t r o l .  This  system g e n e r a l l y  performed q u i t e  
w e l l  on l i n e s ,  and on most valves .  

We had some thermal  problems wi th  va lves  exposed t o  wind e s p e c i a l l y  
on t h e  r ece ive r .  This  problem can  be solved by a combination of 
adding wind s h i e l d s ,  us ing  extended yokes on t h e  va lves  (as d i s -  
cussed earlier) ,  and t h e  use of a c t i v e  c o n t r o l .  

The temperatures  were e r r a t i c  when pass ive  c o n t r o l  w a s  used. 
calcium s i l i c a t e  i n s u l a t i o n  o r i g i n a l l y  used w a s  i n s t a l l e d  by c u t t -  
i ng  out  t h e  i n s i d e  su r faces ,  and i t s  geometry w a s  no t  very w e l l  
c o n t r o l l e d .  A l l  of t h e s e  va lves  w e r e  completely r e i n s u l a t e d  la ter  
using a f i b r o u s  material and pu t  on a c t i v e  c o n t r o l .  

The 

3) Maintenance - The c a b l e s  and t r a n s i t i o n  j o i n t s  should be made as 
a c c e s s i b l e  as poss ib l e .  

. 
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The t r a n s i t i o n  j o i n t s  on t h e  purge v a l v e s  are extremely d i f f i c u l t  
t o  g e t  t o  f o r  r e p a i r .  
is  s e a l e d  us ing  a nonremovable mudding process.  
t o  use a removable aluminum shea th ing .  

A l l  i n s u l a t i o n  on t h e  d r a i n  and purge va lves  
It would be b e t t e r  

3.5 STEAM GENERATOR 

The steam g e n e r a t o r  performance w a s  good, bu t  f a i l u r e s  of t h e  immersion 
h e a t e r ,  r e c i r c u l a t i o n  pump, and leakage  r e s u l t e d  i n  l a r g e  system tes t  
de l ays .  

Thermal/Hydraulic Performance - The SGS performed as p r e d i c t e d .  
The hea t  exchanger area and c o n f i g u r a t i o n  provided t h e  r equ i r ed  
hea t  t r a n s f e r  a t  t h e  expected p r e s s u r e  drops.  

Design Approach - The U-tube, U-shell des ign  approach wi th  fo rced  
c i r c u l a t i o n  performed r e l i a b l y  over  t h e  l i m i t e d  o p e r a t i n g  t i m e .  No 
i n t e r n a l  leakage  of t h e  water/steam i n t o  t h e  s a l t  w a s  d e t e c t e d  and 
t h e  performance requi rements  were m e t .  

Immersion Heater Design - It i s  impor tan t  t o  provide  a p rope r ly  lo -  
ca t ed  s h e a t h  over-temperature k i l l  t o  prevent  c a t a s t r o p h i c  f a i l -  
u re .  The tempera ture  s e n s o r  must be l o c a t e d  a t  t h e  h i g h e s t  p o i n t  
so  t h a t  l o s s  of water w i l l  r e s u l t  i n  h e a t e r  shu to f f  be fo re  i t  over- 
h e a t s  and e i t h e r  blows up t h e  v e s s e l  o r  f a i l s  t h e  h e a t e r .  

R e c i r c u l a t i o n  Pump - I n  a canned-type pump des ign ,  i t  i s  impor tan t  
t o  make s u r e  t h a t  p roper  coo l ing  i s  provided and t h a t  t h e  pump ro- 
t a t i o n  i s  c o r r e c t .  Other t ypes  of pumps should be cons ide red ,  par-  
t i c u l a r l y  f o r  l a r g e r  systems. 

Water/Steam Leakage - Leakage i n  a small system i s  d i f f i c u l t  t o  
c o n t r o l .  Very s m a l l  l eakage  rates can r e s u l t  i n  a s i g n i f i c a n t  l o s s  
of drum l e v e l ,  which a u t o m a t i c a l l y  c u t s  o f f  t h e  h e a t e r  i n  o r d e r  t o  
prevent  burnout. 
day ' s  warmup sequence of t h e  SGS. 

This  may cause  a s i g n i f i c a n t  d e l a y  i n  t h e  next 

Mechanical j o i n t s  should be minimized i n  t h e  SGS des ign .  We would 
expect t h e  leakage problem t o  be less seve re  i n  l a r g e r  sys t ems .  

Freeze P r o t e c t i o n  - Freeze p r o t e c t i o n  must be provided on a l l  l i n e s  
which can t r a p  water inc lud ing  p r e s s u r e  and l e v e l  s enso r  l i n e s .  

Computer Cont ro l  - We b e l i e v e  t h a t  a s i n g l e  d i s t r i b u t e d  d i g i t a l  
c o n t r o l  system should be used. I n  t h e  MSEE t h e  Ba i l ey  Network 90 
was used i n  a d d i t i o n  t o  t h e  EMCON and Accurex. 

T rans i en t  Steam Flow Cont ro l  - A steam c o n t r o l  va lve  capab le  of 
c o n t r o l l i n g  a t  low f low rates i s  needed n e a r  t h e  SGS o u t l e t .  
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Babcock and Wilcox is preparing a separate report on the steam genera- 
tor which will present more detail on that subsystem. 

3.6 RECEIVER DOOR AND APERTURE 

The receiver door and passive aperture design has performed as expected. 
The limited test time so far on the MSEE did not permit a thorough 
evaluation of the effectiveness of the door seal. 
performed to assess the advantages and/or requirements for a cavity re- 
ceiver design and the operational necessity of a cavity door. 

Testing should be 

3.7 SALT SYSTEM CLEANING 

All salt lines should be thoroughly flushed with water (chemical clean- 
ing not required). Also,  the design of the outlets at the side of 
tanks should prevent fouling of valves due to contaminants. 

During the reporting period, there have been three malfunctions of 
valves due to solid contaminants. Two of these could have been avoided 
using a more complete line water flush. The third could have been 
avoided using a tank side or raised outlet instead of a bottom outlet. 

3.8 INSTRUMENTATION 

Proper response of transducers and heat tracing of pressure-sensing 
diaphragms are necessary to meet instrumentation requirements. 

Wired-down 1/8-in. diameter sheathed thermocouples used on the receiver 
had time constants that were much too long for receiver control. These 
were replaced with 1/16-in. diameter welded-on sheathed thermocouples. 
Taylor transmitters were found to have inadequate response, and were 
replaced with Rosemount transmitters. The bubbler type level sensors 
used in the sumps and hot surge tank worked very well. 

3.9 TEST PLANS AND PROCEDURES 

Early coordination of test plans and procedures with all contractors 
involved will minimize test problems. 
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The MSEE Test Plan  w a s  w r i t t e n  by Mar t in  Marietta dur ing  t h e  f i r s t  
months a f t e r  t hey  were brought under c o n t r a c t .  
s p e c i f i c  tests t o  be conducted i n  Phase I, test  o b j e c t i v e s  f o r  each 
test ,  test p r e r e q u i s i t e s ,  r e s p o n s i b i l i t y  of each  p a r t i c i p a n t  i n  t h e  
WEE test program, test p r i o r i t i e s ,  test  sequence, and schedule .  This  
p l a n  w a s  d i s t r i b u t e d  i n  d r a f t  form and w a s  reviewed by t h e  program man- 
a g e r  f o r  comments. The comments were inco rpora t ed  and formed t h e  out- 
l i n e  f o r  t h e  test procedures .  

This  p l a n  o u t l i n e d  t h e  

The MSEE t e s t  procedures  were then  w r i t t e n  as d e t a i l e d  s t e p s  t o  perform 
t h e  planned tests. After t h e  i n i t i a l  d r a f t  of each  subsystem test pro- 
cedures  were completed, a meeting w a s  he ld  t o  review t h e  procedures .  
This  meeting w a s  he ld  a t  CRTF and inc luded  t h e  p a r t i c i p a t i n g  cont rac-  
t o r s  r e spons ib l e  f o r  subsystem des ign ,  c o n s t r u c t i o n ,  and checkout .  
These meet ings provided va luab le  in fo rma t ion  i n  r e f i n i n g  t h e  procedure 
as w e l l  as improving everyone 's  unders tanding  of t h e  subsystem i n t e r a c -  
t i o n s .  The l e s s o n  l ea rned  was t o  conduct t h e s e  test  procedure review 
meet ings wi th  a l l  p a r t i c i p a t i n g  subcon t rac to r s  e a r l y  i n  t h e  program. 
This  w i l l  b e n e f i t  a l l  p a r t i c i p a n t s  w i th  a b e t t e r  unders tanding  of t h e  
hardware c a p a b i l i t i e s .  

3.10 CONSTRUCTION 

Three l e s s o n s  l ea rned  dur ing  c o n s t r u c t i o n  were: 

The 316 L s t a i n l e s s  s teel  p i p e  i s  commonly used i n  p l a c e  of 316 
s t a i n l e s s  steel, but  does no t  meet t h e  codes a t  e l e v a t e d  tempera- 
t u r e s .  This  problem of improper s u b s t i t u t i o n  of material r equ i r ed  
a cons ide rab le  amount of a n a l y s i s  t o  prove adequate  s a f e t y  of t h e  
downcomer. 

Inadequate  access t o  p i p e  welds caused problems i n  making accepta-  
b l e  q u a l i t y  welds. 

Winds r e s u l t e d  i n  cons ide rab le  d e l a y  i n  welding because i t  e f f e c t e d  
t h e  i n e r t  g a s  purge requi red .  
done as much as poss ib l e .  

P r e f a b r i c a t i o n  of welding should be 





4.0 CONCLUSIONS AND RECOMMENDATIONS 

4.1 CONCLUSIONS 

The p r i n c i p a l  o b j e c t i v e s  of Phase I have been m e t  i nc lud ing  system de- 
s i g n ,  equipment mod i f i ca t ions  and assembly, subsystem checkout,  and 
system performance v e r i f i c a t i o n  tests. 
I1 opera t ions .  

The MSEE i s  now ready f o r  Phase 

The Phase I tests have demonstrated ( f o r  t h e  f i r s t  t i m e  i n  t h e  U.S.) 
t h e  t e c h n i c a l  f e a s i b i l i t y  of o p e r a t i n g  a s o l a r  c e n t r a l  r e c e i v e r  power 
p l a n t  us ing  molten n i t r a t e  sa l t  as  t h e  r e c e i v e r  h e a t  t r a n s f e r  f l u i d  and 
thermal s t o r a g e  medium. S p e c i f i c  conc lus ions  r e l a t e d  t o  t h e  con t inu ing  
development of molten s a l t  c e n t r a l  r e c e i v e r  technology are g iven  below. 

The system h y d r a u l i c s  performed as p red ic t ed .  
p ip ing ,  a s a l t  boost pump, a new b o i l e r  feed  pump, a riser and 
downcomer, surge  t anks  and va lves  were r equ i r ed  t o  i n t e r c o n n e c t  t h e  
r e c e i v e r ,  thermal  s t o r a g e ,  steam g e n e r a t o r ,  and EPGS. 

Over 400 f e e t  of 

There have been numerous problems encountered wi th  sa l t  va lves ,  i n -  
d i c a t i n g  t h e  need f o r  improvement i n  t h e  d e s i g n  of v a l v e s  f o r  com- 
merc i a l  systems. We a l s o  b e l i e v e  t h a t  i t  is impor tan t  t o  des ign  
t h e  system t o  accommodate small va lve  l e a k s ,  s i n c e  i t  appea r s  i m -  
p robable  t h a t  i n t e r n a l  leakage  i n  molten s a l t  va lves  can be com- 
p l e t e l y  e l imina ted .  

Vertical c a n t i l e v e r  pumps w i t h  no bea r ings  o r  seals  i n  c o n t a c t  w i th  
t h e  s a l t  proved t o  be r e l i a b l e .  Care must be e x e r c i s e d  i n  t h e  de- 
s i g n  t o  minimize s a l t  leakage  and f r e e z i n g  a t  t h e  s h a f t  packing. 

Most of t h e  trace h e a t i n g  on MSEE performed w e l l .  Pas s ive  c o n t r o l  
proved t o  be adequate on l i n e s .  S i g n i f i c a n t  problems were encoun- 
t e r e d  wi th  t h e  trace h e a t i n g  of v a l v e s ,  i n d i c a t i n g  t h e  need f o r  de- 
velopment and des ign  improvement i n  t h i s  area. 

The pass ive  thermal  d e s i g n  of t h e  a p e r t u r e  proved t o  be a v i a b l e  
and s imple r  a l t e r n a t i v e  t o  t h e  p rev ious ly  used water-cooled aper- 
t u r e  frame on t h e  r e c e i v e r  SRE. 

During checkout of t h e  MSEE models i n  HELIOS, TRASYS, and DOMAIN 
computer programs, i t  has  become e v i d e n t  t h a t  t h e  c a l c u l a t e d  f l u x  
d e n s i t y  d i s t r i b u t i o n s  can  be c l o s e l y  matched w i t h  measurements (ob- 
t a i n e d  du r ing  t h e  SRE program) by a d j u s t i n g  a s ing le - inpu t  parame- 
ter: t h e  e f f e c t i v e  i n t e r c e p t  a n g l e  of t h e  sun. S ince  t h e  optimum 
h e l i o s t a t  aiming s t r a t e g y  of a g iven  s o l a r  thermal p l a n t  i s  a l s o  a 
s t r o n g  f u n c t i o n  of t h i s  parameter,  t h i s  o b s e r v a t i o n  could poten- 
t i a l l y  l ead  t o  a r a t h e r  s i m p l e  i n - the - f i e ld  procedure f o r  f l u x  ad- 
jus tments  u s ing  reaiming of h e l i o s t a t s  on t h e  b a s i s  of a l i m i t e d  
number of f l u x  measurements. Such a procedure has  been proposed i n  
Reference 5, (Vol 11, pp 5-40 and 5-41). 
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7)  Within t h e  c o n s t r a i n t s  imposed by t h e  use  of e x i s t i n g  hardware, t h e  
Master Control  Subsystem (MCS) performed s a t i s f a c t o r i l y ,  demon- 
s t r a t i n g  t h e  t e c h n i c a l  f e a s i b i l i t y  of us ing  a d i s t r i b u t e d  d i g i t a l  
c o n t r o l  system t o  o p e r a t e  a molten sa l t  c e n t r a l  r e c e i v e r  power 
p l a n t .  The equipment p r o t e c t i o n  system (EPS) is a va luab le  inde- 
pendent backup t o  t h e  MCS. 

8 )  Chemical ana lyses  conducted by Ol in  i n d i c a t e d  no s i g n i f i c a n t  accum- 
u l a t i o n  of ca rbona te s  o r  hydroxides  i n  t h e  sa l t  du r ing  i t s  t o t a l  
usage inc lud ing  t h e  s t o r a g e  SRE ( s t a r t i n g  January 1982) and t h e  
MSEE Phase I opera t ions .  Although encouraging, t h e s e  d a t a  are 
based on l i m i t e d  exposure t o  h igh  temperatures  (above 700°F), and 
t h e  ana lyses  w i l l  be cont inued through t h e  remainder of t h e  program 
i n  o r d e r  t o  o b t a i n  more da t a .  

4.2 RECOMMENDATIONS 

The fo l lowing  l i s t  of recommended R&D has  been de r ived  from our  exper- 
i ence  wi th  MSEE Phase I and i t s  preceding SREs. The i t e m s  are  l i s t e d  
i n  p r i o r i t y .  

1 )  Ful l - sca le  Molten S a l t  Component Design and D u r a b i l i t y  Tests 

V e r t i c a l  c a n t i l e v e r  t ype  pump des igns  should be cons idered  espe-  
c i a l l y  f o r  t h e  hot  sa l t  pump. They avoid problems a s s o c i a t e d  wi th  
bear ings  and seals i n  c o n t a c t  w i t h  t h e  sa l t ,  which may c o n t a i n  
l a r g e  amounts of p a r t i c u l a t e  contaminants  i nc lud ing  metals and me- 
t a l l i c  oxides .  

Globe va lve  packing development appears  t o  have l i m i t e d  p r o b a b i l i t y  
of success .  There are a number of d i f f e r e n t  t ypes  of bel low seal 
des igns  t h a t  should be considered inc lud ing  welded types.  

Close coopera t ion  wi th  component d e s i g n e r s  is r equ i r ed ,  p a r t i c u l a r -  
l y  i n  d i s c i p l i n e s  i n  which t h e  component s u p p l i e r s  are weak, such 
as thermal ,  material c o m p a t i b i l i t y ,  and creep- fa t igue  problems. 

2) Receiver R e l i a b i l i t y  Enhancement 

Tube D u r a b i l i t y  - R e l i a b l e  techniques  f o r  p r e d i c t i n g  tube  l i f e  are 
l ack ing .  The a n a l y t i c a l  methods are c o n t r o v e r s i a l .  The use  of a 
s u i t a b l e  element tes t  t o  e v a l u a t e  "worst case" and average tubes  
should be considered.  I n  view of tube  and panel  replacement tech-  
niques under c o n s i d e r a t i o n  i n  r e c e i v e r  des ign ,  t h e  l i f e  cri teria 
should be reeva lua ted .  For example, t h e  30-year requirement  might 
be app l i ed  only  t o  t h e  average tube ,  w i th  a s h o r t e r  l i f e  (e.g., 5 
y e a r s )  permi t ted  f o r  t h e  "worst case" s i t u a t i o n .  

4 -2 



Tube Heat Flux and Temperature Measurement - The measurement of 
actual tube temperature and flux distributions is required to ver- 
ify and supplement analytical predictions, and to take the neces- 
sary corrective action if over-temperatures are indicated. We feel 
that it is possible to design an optical system to examine the var- 
ious parts of the spectrum to determine the temperature and flux 
distributions. A 114 in. resolution on tubes may be required be- 
cause of the steep temperature gradients. 
of the panels and other skewed heating effects must be considered 
when designing and locating the instruments. 

Non-Lambertian emission 

Receiver Cold Start - The feasibility of starting a molten salt re- 
ceiver without the use of warmup heliostats or keeping the entire 
cavity warm should be investigated. Such a technique would mini- 
mize startup times and possibly eliminate the need for a cavity 
door. 

Preliminary analyses indicate that such an approach would be feasi- 
ble on commercial receivers using 1-112 to 2.0 in. tubes, but would 
be marginal for the MSEE receiver's 314 in. tubes. The following 
tests are recommended: 

a) Run salt through a full-scale tube without preheating, simulat- 
ing realistic initial temperatures and flow rates. 
extent of freezing by pressure drop measurements. 

Determine 

b) Install heaters in the MSEE cavity; conduct cold start tests at 
successively lower temperatures starting with a 500°F cavity; 
and determine amount of blockage due to freezing by pressure 
drop measurements. 

Receiver Tube and Panel Replacement - Commercial receivers should 
be designed so that either individual tubes or panels can be re- 
placed in a timely and cost-effective manner. 
tate this approach, tube-to-tube welding and other attachments to 
the tubes should be minimized. The running of continuous welds 
between tubes preferred by boiler manufacturers is not recommended 
because of the following reasons: (a) no gas seal is required as 
in a boiler (for protection of the structure from corrosive gases); 
(b) tube replacement is made difficult by continuous welding; (c) 
the gap between tubes must be kept small to avoid high local tem- 
perature and thermal stresses; (d) continuous welding results in a 
large weld-affected zone; and (e) the process requires expensive 
tooling. 

In order to facili- 

Optimize Receiver Operation - A study should be conducted to deter- 
mine the tradeoff between energy collected, and the corresponding 
reduction in creep-fatigue life, during cloud transient operation. 
The results may indicate the desirability of shutting down during 
cloud transients imposing a large number of fatigue cycles; or, al- 
ternatively, survival modes of operation involving lower than de- 
sign salt outlet temperatures. 
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Elimination of the Cavity Door - This would lead to a simpler cavi- 
ty design, hence a more reliable system. However, the elimination 
of the door is contingent on the development of cold start tech- 
niques mentioned previously, and on the acceptability of eliminat- 
ing the protection from inclement weather provided by the door. 

3) Hot Storage Tank Reliability Enhancement 

The internally insulated hot tank appears to be a reasonably econo- 
mical design approach for large commercial storage tanks. To as- 
sure the reliability of this design, element tests should be con- 
ducted to: (a) assess the impact of creep-fatigue, and (b) to 
develop reliable means of leak detection. 

4) Receiver Control Verification and Improvement 

Control technology development towards the ultimate goal of unmann- 
ed operation of molten salt central receiver power plants should be 
continued, using the MSEE as a test bed. The receiver analytical 
model and the control algorithm should be verified by comparison 
with test data obtained under a variety of cloud transients; the 
model and algorithm should be improved as required, and the im- 
provement verified by tests. 

5 )  Receiver Fast Start 

As an alternative to receiver cold start discussed above, a re- 
ceiver fast-start procedure should be developed by maintaining the 
receiver in "hot standby" condition during the night by flowing 
salt through the panels with the door closed. Fast start could 
commerce at 10% available power with 20% flow, followed by helio- 
stat rampup and automatic control. 

6 )  Trace Heater Durability and Optimization 

Consideration should be given to the following to improve trace 
heater design and performance: (a) control of heat paths through 
the thermal insulation/isolation of the heat traced item by the use 
of detailed thermal analyses and installation control (uneven dis- 
tribution of heat flow to the environment can increase sensitivity 
of temperature to winds); (b) de-rate the heaters to improve their 
reliability; (c) during installation, assure access to the transi- 
tion sections for repair; (d) avoid bonding heaters down, since re- 
liable bonds are difficult to maintain with the geometries involv- 
ed, and at molten salt temperatures; (e) proportional controllers 
should be considered for active control to minimize fatigue in the 
wires, especially at junctions; (f) enforce rigid quality control 
of manufacturing, installation, and insulation processes and 
procedures. 
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7) Freeze/Thaw Damage 

Freezing problems have been encountered in every molten salt system 
Martin Marietta Corporation has operated. A common method of re- 
moving the frozen salt from the system is by thawing by using an 
external heat source. Since salt expands upon melting, this pro- 
cedure can result in damaging the system if care is not exercised 
to ensure that the thawing proceeds along the interface between the 
frozen salt and the liquid in the rest of the system. A prelimi- 
nary investigation has indicated that damage in steel tubes or 
pipes will be in the form of plastic deformation resulting in a de- 
crease in the creep-fatigue life of the system, or eventual rupture 
upon repeated freeze-thaw cycles. It is recommended that this in- 
vestigation be continued to characterize the conditions leading to 
damage, in order to develop safe thawing procedures. 

8) Freezing Transients 

An analytical and experimental program should be conducted to eval- 
uate and characterize freezing transients in salt systems. This 
investigation should be conducted in part to support receiver cold 
start and fast start technique development, and in part to minimize 
or eliminate heat trace requirements in some salt systems. 

9) Recommended Test Items for Phases I1 and 111 of MSEE 

Verify effectiveness of multiple aim points in reducing peak fluxes 
on the receiver panels, by comparing test data with analyses. 

Evaluate door thermal performance by conducting heat balance tests 
on the cavity with the door closed. 

Continue systematic gathering of data pertaining to parasitic 
losses; determine how they scale to commercial systems, and how 
they can be minimized. 

Determine the feasibility of eliminating level control from the 
cold surge tank by operating it as a "blow-down" tank. This would 
simplify the system. 

Determine earliest startup time using the heliostat warmup 
technique. 

Conduct in situ convection tests at various power levels using the 
technique developed during the receiver SRE and reported in 
Reference 7. 

Conduct tests, as required, to support Items 2, 4, 5, 6 and 8 above. 
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