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Section 2

INTRODUCTION

2.1 OBJECTIVE

The economy of the United States relies on the availability of electric 
energy at a reasonable cost. The growing scarcity and increasing cost of fuels 
for power generation, along with the fact that electrical generation accounts 
for more than 25 percent of domestic fuel consumption, has led to the realiza­
tion that new sources for electric energy must be developed in the future.

The sun is an inexhaustable source of additional energy for electric power 
generation, and the central receiver concept for converting solar thermal energy 
into electric energy is a promising technology for electrical utility applica­
tions. First generation central receiver power plants have been designed, and 
a pilot plant project has been initiated to demonstrate the concept.

The objective of the Conceptual Design of Advanced Central Receiver Power 
Systems study is to investigate new technology which will improve the cost ef­
fectiveness of solar thermal electric energy. This report presents the results 
of a DoE-funded General Electric study which evaluated an approach with high 
potential for meeting the objective of lower cost. This approach utilizes the 
very favorable high temperature thermal properties of liquid sodium to achieve 
improved plant performance. A plant conceptual design and analyses to quantify 
potential performance and cost improvements were conducted as a part of this 
evaluation. A development plan defining the steps needed to achieve commercial­
ization of this technology was also established.

The results of the study include a conceptual design and cost estimate for 
a 100 MWe commercial power plant, the concept and cost estimate for a pilot plant 
scaled to model the commercial plant, a description of subsystem research experi­
ments required to support the design, and a development plan for a program that 
will lead to the detailed design of the commercial plant.

2.2 TECHNICAL APPROACH

The work flow diagram for the General Electric Conceptual Design of Ad­
vanced Central Receiver Power Systems study is shown in Figure 2-1. Following 
a review of the preliminary system specifications and ground rules, a parametric 
analysis designed to identify the preferred commercial plant components and con­
figuration was initiated. The results of the parametric analysis were evaluated, 
and a commercial plant configuration was selected. Conceptual design of the 
selected 100 MWe commercial plant concept was then performed along with an esti­
mate of the plant performance. The capital cost of the commercial plant was 
estimated, and opportunities for improvements to the plant design were identified. 
A safety analysis and review of implementation factors for electric utility ser­
vice were conducted to identify potential impediments to the commercialization 
of the technology.

Having completed the commercial plant conceptual design, a development plan 
was established providing a road map for a program which would lead to the com­
mercial plant detailed design from which construction could begin by the late 1980s,

2-1
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2.2.1 PLANT CONCEPT

The power plant design concept is based upon a steam cycle which receives 
thermal energy from a liquid-sodium-cooled receiver. Liquid sodium was selected 
as the receiver coolant and heat transfer medium based upon its very favorable 
high temperature heat transfer characteristics. The high overall heat transfer 
coefficients associated with the use of liquid sodium as the coolant, compared 
to those that result when water/steam or a gas is used as the receiver coolant, 
permit higher solar fluxes at the receiver surface. Consequently the size of 
the receiver may be reduced, decreasing receiver thermal losses and capital cost.

The use of liquid sodiurn as the heat transfer medium also permitted the 
design of a more efficient reheat steam cycle because the steam generators are 
located at the base of the tower. A reheat cycle is not practical in a system 
employing a water/steam-cooled receiver because steam would have to be piped 
from the high pressure turbine exhaust to the receiver to be reheated.

The storage subsystem, which is designed to contain sufficient thermal en­
ergy to permit operation of the steam turbine at full rated output for a period 
of three hours, employs liquid sodium as the storage medium. With this storage 
concept, steam can be generated at full throttle inlet conditions during the 
entire storage discharge cycle. Consequently, the steam turbine need not be de­
rated during operation from storage as is the case with systems employing a 
water/steam-cooled receiver, but can produce full power during this mode of 
operation.

The reference advanced central receiver power system which formed the basis 
of the initial plant design concept is shown schematically in Figure 2-2. The 
collector subsystem provides a high flux of solar energy averaging up to two 
megawatts/square meter (north field) to the receiver absorber panels. The re­
ceiver is constructed of a number of individual absorber panels to permit factory 
fabrication of the individual panels and to expedite installation and any re­
quired maintenance operations. The flow of sodium through the absorber panels 
is controlled by a separate electromagnetic (EM) pump associated with each panel 
to ensure accurate panel cooling flow and control of the sodium outlet temperature.

An intermediate heat exchanger located at the base of the tower was proposed 
to isolate the high hydrostatic pressure of the primary sodium loop from the bal­
ance of the liquid sodium circuit. This would permit components of the secondary 
sodium loop to be designed for low pressure. The secondary loop contains the 
steam generator and thermal energy storage subsystem. During operation of the 
plant directly from the receiver, hot sodium passes into the superheater and re­
heater and/or the thermal energy storage subsystem as appropriate. Sodium exit­
ing from the superheater and reheater then passes into the evaporator section of 
the steam generator and leaves the evaporator at a temperature of approximately 
630 F, from which it returns to the intermediate heat exchanger. On the steam 
side of the system, steam from the superheater expands through the high pressure 
stages of the steam turbine and is then reheated prior to being expanded down to 
exhaust conditions.

2.2.2 PARAMETRIC ANALYSIS

The parametric analysis of the reference plant concept included a large 
number of subsystem or component options which are summarized in Table 2-1. Two

2-4



roi
cjn

Figure 2-2. Reference Advanced Central Receiver Power System

G
EN

ER
A

L W
ffl ELEC

TR
IC



Table 2-1
SUMMARY OF PARAMETRIC CASES

Subsystem or Component Options

Heliostat GE-Enclosed Heliostat
Glass Heliostat

Heliostat Field North Field
3600 Field

Receiver 1100 F Peak Sodium Temperature
1300 F Peak Sodium Temperature 
Geometry

Sodium Loop Two Loops
Flow Throttling

Thermal Storage Hot Sodium
Hot Sodium Plus Iron
Hot Molten Salt
1100 F Peak Temperature
1300 F Peak Temperature 
Factory-Assembled Tanks
Field-Assembled Tanks
Vessel Configuration

Steam Cycle Throttle Pressure and Temperature 
Feedwater Temperature
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advanced heliostat designs--an enclosed heliostat, and a glass heliostat--were 
considered. These heliostats were optimally arranged in both 360° and north 
field configurations. Cylindrical and flat receiver geometries corresponding 
to the respective collector subsystem geometries were investigated, and a trade­
off study comparing an external versus a cavity receiver configuration was con­
ducted. In addition, peak sodium temperature levels of 1100 F and 1300 F were 
considered.

A sodium loop configuration (consisting of two loops separated by an inter­
mediate heat exchanger) and a single loop configuration (using flow throttling 
to reduce the pressure in the sodiurn circuit at the base of the tower) were 
investigated.

A number of thermal storage subsystem configurations were also investigated 
as part of the parametric analysis. These configurations included thermal en­
ergy storage using hot sodium, sodium plus iron (to improve the volumetric ther­
mal storage capacity), and hot molten salt. Two storage temperatures correspond­
ing to the 1100 F and 1300 F peak receiver temperatures were considered. The 
thermal storage vessel fabrication technique was also considered to be an im­
portant factor in controlling the cost of this system, and both factory and 
field assembly of these vessels were investigated. In addition, a large num­
ber of storage vessel configurations and control strategies were considered.

The parameters studied within the electric power generation subsystem in­
cluded steam turbine throttle pressure and temperature as well as feedwater 
heating alternatives.

The parametric analysis was conducted on a subsystem level. The analysis 
was begun by considering the collector and receiver subsystem together. Inputs 
to the analysis included component specifications such as heliostat cost; opti­
cal and mechanical characteristics; a cost model for the receiver, tower, and 
riser/downcomer; a thermal loss model for the receiver (to specify receiver 
losses as a function of size and temperature); and a description of the auxil­
iary loads imposed upon the collector and receiver subsystems for functions 
such as sun-tracking and pumping of liquid sodium. This information was used 
to design four optimized heliostat fields:

• Enclosed heliostat, 360° field
• Enclosed heliostat, north field
• Glass unenclosed heliostat, 360° field
• Glass unenclosed heliostat, north field

A figure of merit, defined as the cost per unit of thermal energy delivered 
at the tower base, was computed for each of the four coll ector/receiver subsys­
tem configurations. This figure of merit was the primary discriminator used in 
the selection of the preferred col lector/receiver subsystem configuration.

In the parametric analysis of the storage subsystem, sodium temperature, 
storage medium, storage vessel fabrication technique, and sodium circuit con­
figuration were the design factors considered. Storage temperature was a param­
eter of interest because storage at the highest possible temperature would re­
sult in minimum storage volume but would require more expensive construction 
materials.

2-7



GENERAL ffi® ELECTRIC

Three storage media were considered in the analysis: sodium, sodium in a 
vessel containing iron spheres, and molten salt which has a lower unit cost 
than sodium but poorer heat transfer characteristics and higher viscosity.

A study of storage vessel fabrication costs was made to determine whether 
field-assembled storage vessels would be more cost effective than smaller fac­
tory assembled vessels whose maximum size would be determined by shipping con­
straints.

In the parametric analysis of the electric power generation subsystem, 
steam throttle conditions and the number of feedwater heaters were varied to 
determine the effect of steam cycle efficiency on the capital cost of the 
plant. The items of plant capital cost which would vary as a function of 
steam cycle efficiency were estimated for a number of steam conditions and 
feedwater heating strategies. Beginning with a reference inlet steam condi­
tion of 1800 psi/1000 F with a 1000 F reheat, the incremental capital cost of 
the plant at other steam conditions was estimated. It should be noted that 
all steam conditions considered in this parametric analysis were consistent 
with the requirement for daily startup and shutdown of the steam turbine.

2.2.3 SELECTION OF COMMERCIAL PLANT CONFIGURATION

A set of criteria for evaluating the results of the parametric analysis 
and selecting the configuration for the commercial plant design were established 
and are shown in Table 2-2. These criteria include those factors considered 
to be of major importance, namely acceptability and introduction of the tech­
nology into the electrical utility industry within the time period established 
as a study ground rule.

The selection process for the commercial plant configuration was conducted 
at three distinct levels of review. The Technical Team met to integrate the re­
sults of the subsystem and component parametric analyses and to select a commer­
cial plant configuration by application of the evaluation and selection criteria 
to the parametric results. These conclusions were presented to a Technical Review 
Panel consisting of equipment suppliers and users in the electrical utility indus­
try. The Technical Review Panel reviewed the selection process and offered com­
mentary that was factored into the conceptual design. The results were then pre­
sented to General Electric management for review and concurrence.

2.2.4 COMMERCIAL PLANT CONCEPTUAL DESIGN

Following the selection of the preferred plant configuration, a commercial 
plant conceptual design was conducted. The conceptual design provides descrip­
tions for the major components and balance-of-plant as well as plant and compon­
ent drawings to a level of detail required for estimating the performance, cost, 
major operational characteristics and development requirements of the liquid- 
sodium-cooled central receiver power plant.

The organization of the conceptual design effort is shown in Figure 2-3.
A detailed steam turbine heat balance was first established to provide the infor­
mation needed to design the steam generators and set the thermal power required 
at the tower base. Having thus established this required solar power input, the 
collector subsystem was designed. A field optimization study established the 
tower height, receiver dimensions, and receiver flux plot. These factors formed 
the basis for designing the receiver subsystem.
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Table 2-2
ADVANCED CENTRAL RECEIVER SELECTION CRITERIA

A. Capital Cost

B. O&M Requirements

C. Control Characteristics

D. Forced Outage Rate

E. Startup Power Requirements

F. Potential for Improvements in Cost and Performance

G. Environmental Intrusion

H. Land Requirements

I. Hardware Materials Availability

J. R&D Required

K. Industrial Capability of Manufacture

L. Plant Safety
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HELIOSTAT 
PERFORMANCE AND 

COST (ENCLOSED-FOCUSING)
kW GROSS 

AUXILIARIES 
STEAM FLOWS

TASK 2
RECEIVER/TOWER 
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COST MODELS 
PUMP POWER

/ SODIUM FLOW % 
LOW END TEMPERATURE 
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Figure 2-3. Commercial Plant Conceptual Design - Work Flow
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The thermal storage subsystem design was carried out in parallel with the 
field optimization study. The steam generator analysis and specified period 
of operation from storage provided the data required to establish the volume 
of tankage and pump sizes.

Following completion of the heliostat field optimization and major com­
ponent design work, the plant layout and balance-of-plant design was started. 
This work involved equipment arrangement considerations and specifications for 
conventional plant equipment such as feedwater heaters and cooling towers, 
interconnective piping, power conditioning equipment, and structures and 
buildings. Finally, the master control subsystem was designed to integrate 
the other subsystem control strategies. This involved some iteration on sub­
system control concepts, especially in the area of receiver flow control.

After completing the conceptual design, the performance and cost of the 
commercial plant were estimated. Plant performance was estimated at the de­
sign point (noon of the summer solstice), during the design point day, and at 
several other times during the year. The analysis of plant performance in­
cluded audits of the power flow at key locations within the plant at the de­
sign points and audits of the net electric energy available throughout the 
design point day as well as an estimate of the plant efficiency during the 
design point day.

The capital cost estimate for this plant was based on 1978 dollars. Es­
timates for both the first commercial plant and a plant representative of the 
mature technology were made. The capital cost estimates were itemized by the 
accounting categories shown in Table 2-3. Within each of these categories, 
costs are reported for major components, field labor, and field material.
The estimate covers all hardware, engineering, construction, and management 
costs associated with the plant construction and startup. The distributables 
account was developed with the assumption that an architect-engineering firm 
would design the plant, procure the major components, and manage a constructor 
who would procure the field materials and provide the construction labor force. 
An assessment of the potential for utility market penetration by this commer­
cial plant concept was made. A list of power plant evaluation criteria reflect­
ing factors generally considered by a utility in evaluating a plant procurement 
decision was prepared (Table 2-4). The plant design was evaluated with respect 
to these criteria and compared to competing power generation technologies.

2.2.5 DEVELOPMENT PLAN

A plan outlining the stages of development leading to a detailed design 
for construction of the first commercial plant was identified. This develop­
ment plan trades off risk vs. development time and cost and provides a program 
in which the commercial plant detailed design would be completed in the late 
1980s.

The plan identifies a series of subsystem research experiments that will 
support the plant design effort by providing the data base required for a de­
tailed design and establishing the required level of confidence in the design 
and operational characteristics of the unique or advanced components.
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Table 2-3
ACCOUNTING COST CATEGORIES

Site, Structures, and Miscellaneous 
Equipment
Turbine Plant Equipment 
Electric Plant Equipment 
Collector Equipment 
Receiver Equipment 
Thermal Storage Equipment 
Distributables

Table 2-4
POWER PLANT EVALUATION CRITERIA

Economic Viability 
Capital Cost
Operation and Maintenance Requirements 
Plant Performance 
Reliability 
Safety
Power Plant Siting 
Availability of Plant Components
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The plan also calls for a pilot plant which will model the critical areas 
of the commercial plant design that could not be addressed in a subsystem re­
search experiment, and will provide a vehicle for analyzing and demonstrating 
the integration and control characteristics of the design.

The development plan identifies stages where the commercial plant design 
may be updated with respect to new technical information as it becomes available 
from this program and others.

2.3 TECHNICAL TEAM

Table 2-5 identifies the General Electric team and the respective roles 
of each member organization. The team includes Foster Wheeler Development 
Corporation, Kaiser Engineers, and the University of Houston Energy Laboratory. 
Within the General Electric Company, Corporate Research and Development had re­
sponsibility for the conduct of the program, including program and technical 
management and all system integration functions. The Energy Systems Programs 
Department had responsibility for the integration of the collector and receiver 
subsystems and for the heliostat specifications and field optimization work con­
ducted at the University of Houston. The Advanced Reactor Systems Department 
had responsibility for the receiver and storage subsystems. Steam turbine de­
sign, performance, and cost estimates were developed by the Medium Steam Turbine 
Department. The Electric Utility Systems Engineering Department was responsible 
for the master control subsystem and an assessment of the commercial plant con­
cept in an electric utility situation.

A Technical Review Panel consisting of eight senior technical managers re­
viewed the technical progress of the program. The panel was chaired by C.H. 
Holley, General Manager of General Electric's Electric Utility Systems Engineer­
ing Department. L.T. Papay, Director of Research of the Southern California 
Edison Company served as a member of this panel and provided an evaluation from 
a utility point of view.
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Table 2-5
PROGRAM ORGANIZATION

Contributor Activity

General Electric Company
Corporate Research and Development Program and Technical Management 

Systems and Plant Integration 
Electrical Energy Conversion 

Subsystem

Energy Systems Programs Department Heliostat Design
Collector/Receiver Subsystem 

Integration

Electric Utility Systems Engineer­
ing Department

Master Control Subsystem
Electric Utility Implementation

Advanced Reactor Systems Department Receiver Subsystem
Storage Subsystem

Medium Steam Turbine Department Steam Turbine-Generator

Energy Laboratory, University 
of Houston

Heliostat Field Design
Solar Flux Plot at Receiver

Foster Wheeler Development 
Corporation

Heat Exchanger Design
Storage Vessel Design

Kaiser Engineers, Inc. Tower Design
Storage Vessel Design
Balance of Plant Design
Plant Layout
Safety Analysis
Environmental Impact Analysis
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Section 3

PARAMETRIC ANALYSIS

3.1 INTRODUCTION

Figure 3.1-1 describes the reference system configuration which seemed to 
offer the greatest promise for reduced costs when the parametric analysis was 
begun. The major features of this configuration are high peak temperature 
(1300 F), enclosed plastic heliostats, and thermocline type energy storage in 
iron balls.

Since a large number of technical options were to be considered, it was 
not possible to construct a complete system performance and cost estimate for 
each option. Instead the options were assessed by analyzing only those subsys­
tems which would be most strongly affected when the plant configuration is 
changed from the baseline to the new design. For instance, changing heliostats 
from the enclosed design to a nonenclosed glass design would require signifi­
cant design changes in the collector and receiver subsystems, but the impact of 
this change on the storage and power generation subsystems would be small. In 
a similar way, changes in the receiver configuration would affect the field de­
sign but would not have an impact on the storage subsystem or the electric 
power generation subsystem (ERGS). This argument in summarized in Table 3.1-1 
which shows that the technical options associated with receiver configuration 
and heliostat type were assessed by analyzing only the collector and receiver 
subsystems.

The selection of peak working fluid temperature affects the storage sub­
system as well as the receiver and collector subsystems, so this option was 
addressed as part of the storage concept trade-off as shown in Table 3.1-2.

The steam cycle selection affects all of the other subsystems and can 
only be made on the basis of the complete plant cost. The steam cycle options 
which were investigated are listed in Table 3.1-3.

Thus the parametric analysis was divided into three sets of cases:

• Receiver/collector
• Storage
• ERGS

The analysis and data for these cases are described in Sections 3.2 through 
3.6 below, and the assessment of these results and selection of the preferred 
configuration are discussed in Section 4.
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Table 3.1-1

PARAMETRIC ANALYSIS LOGIC - RECEIVER/COLLECTOR CASES

Systems Analyzed Options Considered

Collector Subsystem
Heliostats •

Wiring&Land •
•

Receiver Subsystem
Absorber, Riser, •
Downcomer, Tower 
and Pumps

Enclosed Plastic Heliostat 
Glass Heliostat 
North Field 
360° Field

External Absorber 
FI at
Cylindrical 

Cavity Absorber

Table 3.1-2

PARAMETRIC ANALYSIS LOGIC - STORAGE CASES

Systems Analyzed Options Considered

Collector Subsystem

Receiver Subsystem

Storage Subsystem 
Storage Tanks

Storage Medium

Valves, Heat 
Exchangers,
Pumps, and Piping

Glass Heliostat 
360° Field

External Cylindrical 
Receiver
1100 F Peak Temperature 
1300 F Peak Temperature 
EM Pumps in Absorber 
Control Valves in Absorber

Field Assembled Tanks 
Factor Assembled Tanks

1100 F Peak Temperature 
1300 F Peak Temperature 
Hot Sodium 
Hot Sodium + Iron 
Hot Molten Salt

Intermediate Heat Exchanger 
Throttling Valve 
Two Pressure Storage 
Jet Pump

3-3



GENERAL ^ ELECTRIC

Table 3.1-3

PARAMETRIC ANALYSIS LOGIC - ERGS CASES

Systems Analyzed Options Considered

Collector Subsystem • Glass Heliostat
• 360° Field

Receiver Subsystem • External Cylindrical Absorber
• Control Valves in Absorber
• 1100 F Peak Temperature

Storage Subsystem • Field Assembled Tanks
• 1100 F Peak Temperature
• Hot Sodium

Electric Power Generation 
Subsystem

• Throttling Valve

Steam Turbine, Condenser, • 1450 P/1000 F/1000 F

Feedwater Heaters, and • 1800 P/1000 F/1000 F

Cooling Towers • 2400 P/1000 F/1000 F
• 2400 P/1000 F/1000 F HARP*
• 2400 P/1050 F/1050 F HARP
• 2400 P/1050 F/1050 F/1050 F

*HARP = Feedwater Heater Above Reheat Point
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3.2 COLLECTOR SUBSYSTEM

In Task 2 of this study, the four field configurations listed in Table 3.1-1 
were designed by the Energy Laboratory of the University of Houston.

The input information required for the University of Houston heliostat 
field optimization program consists of heliostat specifications and cost and 
performance models for the receiver and tower. Heliostat input data were 
supplied by General Electric and Sandia Livermore Laboratories (glass helio­
stat) and were carefully reviewed by both organizations to insure consistency. 
Receiver and tower cost and performance models were derived from data gener­
ated by Foster Wheeler, GE Advanced Reactor Systems Department, and Kaiser 
Engineers. The input information is summarized in Section 3.2.1.

The heliostat field design methodology involves minimizing the figure 
of merit, defined as total capital cost for collector and receiver subsystems 
divided by net annual thermal energy derived at the base of the tower. The 
objective of the optimization was to minimize the figure of merit for the 
field layouts with respect to receiver size, tower height, and field 
arrangements. The results of the field analysis are presented in Section 3.2.2.

3.2.1 FIELD DESIGN INPUT DATA 

Heliostat Specifications

Heliostat data required as input to the field design program includes the 
dimensions, costs, and performance of the heliostat.

Dimensions. These are the dimensions of the reflector, support, enclosure 
(for enclosed heliostat), and the minimum spacing distance required between 
the centerlines of two neighboring heliostats.

Costs. The costs fall into two categories: unit cost and land cost. The 
unit cost includes material, installation labor, overhead, interconnecting 
cabling, central computer for the heliostat system, AE fees, site survey, 
etc. The land cost includes acquisition, drainage, and clearing of obstacles 
such as trees.

Performance. The performance data include the outage rate estimates, minimum 
solar elevation for tracking, optical performance of reflector and enclosure 
(aging and fouling effects included), and guidance error which includes errors 
due to misalignment, mechanical drive tolerance, computer precision, reflector 
surface aberration, and wind effects. The guidance error is expressed as the 
Gaussian standard deviation of the angular optical errors.

The enclosed and unenclosed heliostat data initially proposed by GE for 
the parametric analysis are given in Table 3.2-1. The enclosed heliostat 
data were taken from the General Electric prototype heliostat study proposal 
(RFP No. EG-77-R-03-1468), and correspond to first commercial units. The 
glass heliostat data were extracted from the 10 MW pilot plant preliminary 
design performed by McDonnell Douglas Astronautics (Ref. 3.2-1).
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Following a review of the proposed specifications by Sandia Laboratories, 
it was decided that a less conservative projection of advanced heliostat 
technology would be more appropriate. Consequently the DoE Prototype Heliostat 
Program goals were adopted as the guidelines. These goals correspond to a 
mature technology available in 1990 and high production levels.

Preliminary field optimization results indicated that the enclosed helio­
stat produced a more diffuse image and required a larger absorber than the 
glass heliostat. The enclosed heliostat specification was therefore changed 
to include a focused reflector to achieve image quality similar to that of 
the glass heliostat. As discussed below, this increased the peak flux, but 
did not have a significant effect on receiver size. Focusing the enclosed 
heliostat is relatively simple and an incremental cost of $0.50/square meter 
was allocated for focusing equipment.

The heliostat design specifications that were selected as a result of this 
review process are itemized in Table 3.2-2. These specifications were used 
in the study.

Receiver Cost and Performance Models

The models summarized in Table 3.2-3 for estimating the performance and 
costs of the receiver were derived from data provided by Foster Wheeler, GE 
Advanced Reactor Systems Department, and Kaiser Engineers.

3.2.2 FIELD ANALYSIS

As mentioned previously, optimized fields for the four concepts con­
sidered were designed by the University of Houston Energy Laboratory. The 
constraint was to design a field/receiver which would deliver 376 MWt net 
power at equinox noon. The figures of merit (FOM) for the four optimized 
fields were then compared. The FOM is the total capital cost for the receiver 
and collector subsystems divided by the net annual energy:

FOM
CD + c + cR c o $

MWth

Where = receiver subsystem cost (including receiver, tower, pumps, 
and piping)

Cc = collector subsystem cost (including land, wiring, and helio­
stats )

C0 = fixed cost to open site (including costs for permits, en­
vironmental impact statements, road and rail connections)

Q = thermal power at tower base

AQ = thermal power required to operate field and receiver auxil­
iaries

t = time

The integration in the denominator is over the period of one year.
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Table 3.2-1
HELIOSTAT SPECIFICATIONS (CORRESPONDING TO FIRST COMMERCIAL PLANT)

Enclosed (Plastic) Exposed (Glass)

1.0 Dimensions
1.1 Reflector Area 4 0 M2 37.5 M2
1.2 Support Height 3.81 M 2.74 M
1.3 Minimum Spacing Distance 

Between C or Adjacent 
Heliostats

8.83 M 9.57 M

1.4 Enclosure Dimensions 8 .2 M(D) x 7.46 M(H) None
2.0 Costs

2.1 Unit Cost $47.50/M2 $100/M2
2.2 Land Cost $1.14/M2 $1.08/M2
2.3 Cost Basis (Year) 1978 1977
2.4 Escalation Rates for 

Conversion to '78 $'s
None 6%

3.0 Performance
3.1 Outage Rate Estimates 1/4 hr/yr/Heliostat 1/2 hr/yr/Heliostat
3.2 Minimum Sun Tracking Angle 10° 10°
3.3 Effective Relectivity 0.65* 0.91
3.4 Focusing No No
3.5 Guidance Error (1 a estimate) 3.22 MRAD Azi. 5.0 MRAD

Ele. 3.6 MRAD
* Combined performance of : enclosure transmissivity in and out, each 0.86; reflectivity 0.88.
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Table 3.2-2
HELIOSTAT SPECIFICATIONS USED IN TASK 2 STUDY 

(CORRESPONDING TO MATURE TECHNOLOGY AND MASS PRODUCTION)

Enclosed (Plastic) Exposed (Glass)

1.0 Dimensions
1.1 Reflector Area 55 M2 49 M2
1.2 Support Height 4.31 M 4.09 M
1.3 Minimum Spacing Distance 

Betv/een 0 of adjacent 
Heliostats

10.2 M 10.5 M

1.4 Enclosure Dimensions 9.60 M (D) x 9.09 M (H) None

2.0 Costs (1978 Dollars)
2.1 Unit Cost $25.28/M2 $65.0/M2
2.2 Land Cost $1.14/M2 $1.14/M2

3.0 Performance
3.1 Method to account for

Outage Design field 1.8% oversize Design field 1.8%
3.2 Minimum Sun Tracking Angle 10° 10°
3.3 Effective Reflectivity 0.574* 0.90
3.4 Focusing Yes No
3.5 Guidance Error (1 a esti­

mate) 2.8 MRAD 2.5 MRAD
3.6 Power Required - Tracking 35 watts/hr 90 watts/hr

- Slew 55 watts/hr -
- Stowed 15 watts/hr 0

‘Combined performance of: enclosure transmissivity in and out, each 0.86; reflectivity 
enclosure blockage 0.99; and surface degradation 0.89.

0.88;
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Table 3.2-3

RECEIVER PERFORMANCE AND COST MODELS 
FOR PARAMETRIC ANALYSIS

Cylindrical Receiver Flat Receiver

Losses Convective Loss (Mwt) 3.37[4.194E-3(DxH)+1.557E-4 Qn] 2.74[3.017E-3(WXH)+3.405E-4Qn]
Radiative Loss (Mwt) 15.80[3.839E-3(OXH)+3.324E-4 Qn] 8.68[2.462E-3(WxH)+6.748E-4 Qn]
Pumping Loss*(Mwg) [1.2306 + 0.02557 (T+H) ] 3Q7n6j Same

Costs Panels 3.0448 + .1164(H-15)+.2029(D-15) 1.1375+.0374 (H-l7)+.06 69(W-17)
(M$) Pumps* 3.6 + [2.507+. 034KT+H) ] 3.39 + [2.507+.0341(T+H) ]

Tower, R/D 
& Sodium

1.613 exp[.00772T] Same

Support Structure 
& Plumbing

0.04464 \/d2 + H2 0.0378 v/w2 + H2

Where H = Receiver Height (M)
D = Receiver Diameter (M)
W = Receiver Width (M)
T = Tower Height (M), measured from ground level to base of receiver 

Qn = Absorbed Thermal Power (MW)

*Correspond to system with throttle valve, large EM pump at tower base, small 
EM pumps for trim on panels, 1100 F peak sodium temperature
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Field sketches for the four concepts are shown in Figure 3.2-1. Overall 
sizes are shown as well as the number of the square computational cells into 
which the fields are divided in the calculations.

Table 3.2-4 indicates that the GE enclosed heliostat in a 360° field con­
figuration is likely to be the most cost-effective approach. Therefore, the 
GE enclosed heliostat in a 360° field configuration is chosen for the Task 4 
conceptual design.

Note that the peak fluxes with the enclosed heliostats are higher than for 
the glass heliostats; this is a result of focusing the enclosed heliostats to 
the slant range. However, focusing did not increase the average flux very 
much; both enclosed heliostat cases have lower average fluxes and larger 
receivers than the glass heliostat cases.

Preliminary estimates of performance and cost for cavity receivers had 
indicated that cavities did not offer any cost advantage for the sodium-cooled 
receiver concept. This question was reviewed in Task 2, based on the results 
of the flat receiver with glass heliostats. Figure 3.2-2 shows how a hypo­
thetical cavity was formed from the flat geometry by moving the vertical sur­
face back from its original position and adding four surfaces to form a box.

As the original surface moves back, the effective absorptivity and 
emissivity of the cavity increase. If the radiation is assumed to be diffuse, 
the apparent absorptivity is given by

aE - [1 - f (1 - I)]''

where a = area of aperture

A = area of tubed surface 

a = absorptivity of tubed surface

The relationship for effective emissivity is identical with e substituted for a. 
Thus as the cavity gets deeper the amount of sunlight captured increases. The 
reradiated power actually goes down despite the increase in e because the aver­
age flux at the tubed surface goes down and this reduces the surface tem­
perature and emitted black body flux levels.

Thus both the absorption and emission characteristics of the receiver 
improve as the cavity becomes deeper. However, convection losses increase 
rapidly as the tubed surface area increases, and these losses eventually negate 
the gains due to absorption and emission as is shown in the receiver efficiency 
curve, Figure 3.2-3. This conclusion is based on the assumption that the air 
side convection coefficient does not change as the cavity deepens. The struc­
ture shown in Figure 3.2-2 is quite open to the environment, and it is unlikely 
that the added sides of the cavity would shield the tubed surfaces from wind 
or free convection currents.

The performance calculations summarized in Figure 3.2-3 are detailed in 
Appendix A.
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(a) ENCLOSED PLASTIC HELIOSTAT/360° FIELD

0.0451 km2CELL SIZE =

NUMBER OF CELLS = 127.1

LAND AREA = 5.734 km2

2655 m

TOWER

2761 m

(b) EXPOSED GLASS HELIOSTAT/3600 FIELD

CELL SIZE
1914m

NUMBER OF CELLS

LAND AREA
TOWER

1914m

0.0217 km2 

130

2.810 km2

Figure 3.2-1. Field Layout Sketches

3-11



(c) ENCLOSED PLASTIC HELIOSTAT/NORTH FIELD

CELL SIZE = 0.144

NUMBER OF CELLS = 47.1 2657 m

LAND AREA = 6.783 km2

•TOWER

3416 m

(d) EXPOSED GLASS HELIOSTAT/NORTH FIELD

CELL SIZE = 0.0551 km2
1820 m

NUMBER OF CELLS = 52.4

LAND AREA = 2.887 km2

TOWER

2113m

Figure 3.2-1. (Cont'd)
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Table 3.2.4
SUMMARY OF TASK 2 HELIOSTAT FIELD DESIGN RESULTS

HELIOSTAT GLASS/UNENCLOSED GE/ENCL0SED

RECEIVER FLAT CYLINDER FLAT CYLINDER

Receiver Elevation** M 210 170 240 190
Receiver Size* M x M 20.81x20.81 12.5x12.5 23x23 16x16
Heliostat Size M2 49 49 55 55
No. of Heliostats 12,216 13,908 21,017 20,936
Land Area KM2 2.887 2.810 6.783 5.734
Receiver Peak Flux MW/M2 3.732 1.665 5.1293 1.9073
Annual Power twth 0.846 0.886 0.835 0.863

Fixed Cost 4.500 4.500 4.500 4.500
Tower Cost 7.773 5.894 9.731 6.796
Receiver Cost 1.535 2.247 1.763 3.364
Structure Cost $M 1.112 0.789 1.230 1.010
Pump Cost 13.279 12.046 14.297 12.765
Land Cost 3.291 3.203 7.733 6.537
Wiring Cost 1.661 1.713 2.427 2.030
Heliostat Cost 37.247 42.584 26.795 27.079
Total Cost 70.398 72.976 68.476 64.081

Figure of Merit $/mwth 83 82 82 74

* Width X Height For Flat Receiver, Diameter X Height For Cylinder Receiver

** Measured from top of heliostat pedestal to middle of receiver

3-13



GENERALI ELECTRIC

ABSORBER
PANELS

20.81 m

20.81 m

INCIDENT 
SOLAR FLUX

Figure 3.2-2. Cavity Receiver Model
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Cost estimates were made for the cavities in Figure 3.2-3, based on the 
total cost for the receiver/collector subsystems shown in Table 3.2-4 and the 
scaling equations in Table 3.2-3. These costs are plotted in Figure 3.2-3, 
along with an estimate of annual energy delivered to the tower base (assumed 
proportional to efficiency). The quotient of these two numbers yields the 
figure of merit plotted in Figure 3.2-3. These cost estimates are also de­
tailed in Appendix A.

The figure of merit for the cavity increases with depth. That is, the 
least expensive cavity is none at all (flat plate) which confirms the prelim­
inary conclusion. Therefore a cavity receiver was not chosen for the Task 4 
conceptual design.
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Figure 3.2-3. Cavity Receiver Performance and Cost
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3.3 RECEIVER SUBSYSTEM

3.3.1 RECEIVER CONCEPTS 

Parametric Cases Studied

Two basic receiver types were evaluated as part of the parametric study, 
namely, a flat solar absorber with a north heliostat field and a cylindrical 
solar absorber with a surrounding heliostat field (360°). Each of these re­
ceiver configurations was designed to operate at two different temperature 
levels, 1100 F and 1300 F maximum sodium temperature. The purpose was to de­
termine which of the four designs was most cost effective.

North Heliostat Field with Flat Absorber

The north field receiver is shown in Figure 3.3-1. The flat absorber 
surface is assembled from a number of smaller rectangular absorber panels 
stacked edge to edge in the vertical orientation. The riser line brings so­
dium up the tower from the cold leg of the IHX and terminates at a horizontal 
header mounted behind the absorber panels. Feeder lines from the header carry 
the individual panel flows to small EM pumps which regulate the flow to the 
panels and provide tower loop circulation of the sodium. The pumps discharge 
into the individual panels at mid-length where the flow splits and flows in 
two paths upward and downward through the panels. At the ends of the panels 
the hot sodium flow is returned through panel outlet feeder lines to an outlet 
header mounted in back of the panels on the steel support structure. The down­
comer line is connected to the outlet header and returns the sodium to the hot 
leg of the IHX at the base of the tower. A sodium surge tank is mounted at 
the highest point in the system to accomodate thermal expansion of the sodium 
and to provide a place to vent gas bubbles from the sodium when the system is 
filled. The surge tank cover gas pressure (argon) is adjusted to give near 
atmospheric operating pressures in the receiver components.

The backs and sides of the absorber panels are insulated to reduce para­
sitic heat loss while operating. When shut down, a moveable insulation curtain 
is provided which rolls up across the front face of the panels to keep the heat 
loss to the atmosphere to a minimum. In this way the receiver can be placed 
on a hot standby mode overnight or during cloud cover without heavy heat loss 
and danger of freezing the sodium in the tubes of the absorber panels.

Convection damper curtains were placed across the top and sides of the 
absorber with the purpose of partially blocking wind and natural convection 
currents from direct impingement on the absorber tubes.

Based on a preliminary field design, the flat absorber was sized at 
17 meters by 17 meters. Because the flux gradients were high across the width, 
a relatively large number of panels were used to limit the hot to cold tube 
performance differential. Therefore the designs for 1100 F and 1300 F both 
used 17 panels which were 1 meter wide and 17 meters long.
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Figure 3.3-1. Flat Receiver Concept
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Surrounding Field (360°) with Cylindrical Solar Receiver

The 360° field receiver is shown in Figure 3.3-2. The cylindrical surface 
of the absorber is composed of many flat rectangular absorber panels stacked 
edge to edge to form a cylinder. These panels are almost identical to the 
panels used in the flat receiver except that the edges of the panel must be 
wedged together at one angle to fit into the pie sections resulting from the 
cylindrical shape.

The riser brings cold sodium up into two headers, the preheat header and 
the main header. The preheat header is fed with sodium pressurized in an EM 
pump sized to handle the total flow to several absorber panels. The main header 
feeds flow through small EM pumps which pressurize the sodium into the panel 
inlets located at mid-length. The flow splits into up-flow and down-flow 
through the two halves of the panel. The panel outlet flows are gathered to­
gether in an outlet header and removed to the IHX via the downcomer line.

Early in the study, it was thought that economic advantages might re­
sult from preheating the sodium on the colder south side of the cylindrical 
absorber. It was found, however, that running the flow in series through two 
panels increases the pressure head. Also the inlet temperature to the hot 
panels is raised, causing cooling problems. Therefore, the preheat concept 
was dropped and the preheat panels were reconnected into the main inlet header 
in a fashion identical to the hot north side panels.

As in the case of the flat north field absorber, the cylindrical absorber 
is provided with insulation on the back and moveable front face insulation for 
periods of zero solar flux.

A surge tank is provided to allow for sodium expansion, venting during 
fill, and a means for regulating system pressures. Convection curtains 
were added initially and then removed from the design since the benefits 
did not justify the cost.

For the parametric study, the cylindrical receiver was sized at 15 meters 
in diameter by 15 meters in height. A total of 24 panels for both the 1100 F 
and 1300 F systems were used. The panels were 1.963 meters wide by 15 meters 
hi gh.

Materials Selection

Table 3.3-1 shows a listing of materials used in the design of the sodium 
components of the 1100 F and 1300 F advanced central receiver systems for the 
Task 2 Parametric Analyses.

The alloy 2-1/4 Cr - 1 Mo was selected for the evaporator section of the 
steam generator because this material has been proven to have superior resis­
tance to stress chloride cracking in water and resistance to decarburization 
in sodium. This material was also specified for the cold leg piping and cold 
storage tanks to avoid the necessity of making alloy transition welds between 
these components.
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Figure 3.3-2. Cylindrical Receiver Concept
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Table 3.3-1
MATERIALS SELECTION 

1100 F 1300 F

Cold Leg Piping 2-1/4 Cr - 1 Mo 2-1/4 Cr - 1 Mo
Hot Leg Piping 316SS Inconel 625
Absorber Panels 316SS Inconel 625
Storage Tanks (Hot) 
Storage Tanks (Cold)

316SS
2-1/4 Cr - 1 Mo

Inconel 625 
2-1/4 Cr - 1 Mo

IHX 316SS Inconel 625
Evaporator 2-1/4 Cr - 1 Mo 2-1/4 Cr - 1 Mo
Superheater Incoloy 800 Inconel 625
Reheater Incoloy 800 Inconel 625
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It was thought that the solar power plant size and cost could probably be 
reduced by using high peak sodium temperatures. However, the upper service 
temperature for 2-1/4 CR - 1 Mo is 950 F because it has unacceptably high de­
carburization rates in sodium and low creep strength at higher temperatures. 
Therefore, other alloys were considered for the hot leg components and the peak 
sodium temperature was treated as a parametric variable.

The peak temperature of 1100 F was selected in conjunction with type 316 
stainless steal because this is the temperature at which the alloy begins to 
lose creep strength. All of the hot leg components except the steam generators 
were specified to be made of 316 SS. However, like all 300 series stainless 
steels, type 316 is subject to severe stress chloride cracking in aqueous en­
vironments, so Incoloy 800 has been specified for the steam superheater and re­
heater modules because of its good resistance to the type of corrosion. Both 
316 SS and Incoloy 800 exhibits good sodium corrosion resistance at 1100 F.

The peak sodium temperature of 1300 F was selected on the basis of an 
initial look at sodium corrosion data for stainless steels and nickel base 
alloys. Corrosion rates for 316 SS are acceptable at 1300 F, but increase 
rapidly with increasing temperature. Although 316 SS has sufficient strength 
to be used in the absorber panels, the IHX, and hot leg piping, it was decided 
to investigate the possibility of using Inconel 625 because its superior 
strength might reduce the cost of the storage tanks. The sodium corrosion be­
havior of Inconel 625 was an unknown to be evaluated through a more detailed 
literature survey during the parametric analysis. In the superheater and re­
heater modules, Inconel 625 was specified to replace Incoloy 800 because 
Inconel was expected to have good stress chloride cracking resistance and 
Incoloy 73 known to have poor sodium corrosion resistance at 1300 F.
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3.3.2 ABSORBER ANALYSIS 

Absorber Panel Flux Plots

Preliminary receiver sizes were selected for the flat and cylindrical geo­
metries based on collector/receiver optimizations performed by the University 
of Houston Energy Laboratory in previous work. Flux plots were also estimated 
on the basis of these earlier studies to make a preliminary estimate of receiver 
performance.

The 17-meter square flat receiver selected for analysis purposes was 
divided into 289 nodes as shown in Figure 3.3-3. The flux plot at noon (design 
point) is symmetrical about the vertical centerline of this square, and is al­
most symmetrical about the horizontal centerline as well. To reduce the com­
plexity of the loss analysis, it was decided to assume the plot to be exactly 
symmetrical about both centerlines. Under this assumption it is possible to 
characterize the plot with only one quadrant; this quadrant is presented in 
Figure 3.3-4. The fluxes shown are heat-to-sodium, i.e., incident less re­
flection (5%), radiation, and convection. At the base of each column of num­
bers, the panel power is listed; all of the panels together provide 376.46 MW-t 
of thermal power to the sodium.

The cylindrical receiver was selected to be 15 meters tall by 15 meters in 
diameter, and it was divided into 408 nodes as shown in Figure 3.3-5. The flux 
plot at noon is symmetrical about the north/south centerlines and nearly so 
about the "belt." As with the flat receiver, a single quadrant of the flux plot 
was used to characterize the whole receiver (see Figure 3.3-6). The 24 panels 
in this receiver provide 397.77 MWt heat to the sodium coolant.

Absorber Losses

The approach taken to estimate absorber losses for the parametric analysis 
is described below; these equations were programmed for the Hewlett Packard - 
65 calculator. The detailed results of these calculations are presented in 
Appendix B.

The sodium side convection coefficient was obtained from Lyon's correlation 
(Ref. 3.2-1):

where:

Nu =

Pe =

hi = 

di =

Kn = 
W =

hi = 7.0 + 0.025 PeO-8 (3.3-1)

48 W Cp
—n—n— ~ = Peclet No.irdi Kp Nt

sodium side convection coefficient (Btu/hr-ft2-°F) 

tube ID (inches)

sodium conductivity (Btu/hr-ft-°F) 

sodium flowrate (Ib/hr) per panel
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I
NODE NO.

PANEL
NO.

SYM

i

Figure 3.3-3. Key to Flat Receiver Loss Calculations

SYM

3-25



NODE NO.

FLUX INTO SODIUM (MW/m2) 

Ax = Ay = 1 m

PANEL NO. 9 8 7 6
I

4 3 2 1

1 0.204 0.246 0.289 0.329 0.362 0.386 0.404 0.413

.

0.416

2 0.273 0.337 0.406 0.474 0.536 0.585 0.619 0.638 0.645

3 0.354 0.447 0.552 0.663 0.772 0.867 0.937 0.976 0.995

\ 4
0.443 0.572 0.726 0.897 1.077 1.244 1.378 1.462 1.490

Ay 5 0.536 0.706 0.917 1.167 1.438 1.703 1.922 2.063 2.110

f 6
0.621 0.834 1.108 1.443 1.820 2.194 2.503 2.702 2.769

7 0.691 0.940 1.271 1.687 2.160 2.631 3.017 3.259 3.339

8 0.737 1.011 1.381 1.852 2.395 2.931 3.363 3.627 3.714

1 1 C
D

__
1__ 0.753 1.035 1.418 1.909 2.475 3.033 3.481 3.753 3.841

PANEL POW 
MV

=R 8.471
Yt

11.221 14.718 18.933 23.595 28.115 31.767 34.013
1

34.797

Figure 3.3-4. Flat Absorber - Flux Plot
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I
NODE NO.

PANEL
NO.

1,9635m
-------9

0.88235m

Figure 3.3-5. Key to Cylindrical Receiver Loss Calculations
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FLUX INTO SODIUM (MW/m2) 

Ax = 1.9635 m
NODE Ay = 0.88235 m
NO.

PANEL
11 10 9 8 7 a1 4; l 3 2 1NO.

1 0.00592 0.00825 0.0121 0.0229 0.0353 0.0641 0.0864 0.108 0.135 0.158 0.179 0.190

2 0.0193 0.0238 0.0368 0.0517 0.0766 0.125 0.163 0.197 0.239 0.271 0.304 0.319

3 0.0514 0.0591 0.0691 0.108 0.148 0.225 0.285 0.338 0.397 0.439 0.485 0.505

0.116 0.125 0.145 0.194 0.260 0.369 0.453 0.530 0.607 0.662 0.719 0.745

Ay 5 0.209 0.227 0.248 0.316 0.405 0.703 0.657 0.749 0.841 0.920 0.983 1.020

t 3 0.326 0.346 0.366 0.447 0.562 0.724 0.856 0.983 1.090 1.170 1.240 1.270

7 0.440 0.452 0.475 0.563 0.699 0.872 1.030 1.170 1.270 1.360 1.440 1.470

8 0.518 0.529 0.546 0.637 0.791 0.960 1.130 1.270 1.380 1.470 1.550 1.590

-4--------------- 3 0.534 0.541 0.564 0.652 0.801 0.975 1.150 1.280 1.390 1.480 1.560 1.600

PANEL POWER MWt 6.765 7.070 7.554 9.236 11.703 15.695 18.141 20.738 23.056 24.913 26.611 27.405 i<$r- - - - - ^- - - - - - - - - :- - - - - :- - - - - :- - - - - :- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - <E.
SOUTH SIDE NORTH SIDE

O

Figure 3.3-6. Cylindrical Absorber - Flux Plot
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Cp = sodium specific heat (Btu/lb-°F)

Nr = number of tubes/panel

The overall tube thermal conductance referenced to the tube OD is given by

1 _ 1 1 do £n
U0 " hi 1-26/do 24Kw

1
1-26/do

where 6 = tube wall thickness (inches)

d0 = tube OD (inches)

Kw = tube conductivity (Btu/hr-°F-ft)

The inside and outside tube temperatures were then evaluated by 

by

(3.3-2)

Twi " TNa + ^i 

Two = T^a + q/U0

where

T|y|a = sodium temperature (°R) 

q = heat flux into sodium (Btu/hr-ft?) from flux plot 

Uo = overall tube conductance

As an approximation to avoid the necessity of balancing heat and mass flow along 
the tube length, the temperatures TWo were evaluated at the inlet and outlet ends 
with only a linear interpolation between them. The value of Two vs. tube length 
was obtained in this manner and used to calculate the convective and radiation 
heat losses from each panel in turn using the following loss equations:

MWC = hc (tWQ - T^) a (3.3-5)

MWr = aew (tJ| - fj)a (3.3-6)

(3.3-3)

(3.3-4)

whe re:

hc = air side convection coefficient (Btu/ft2-hr-°F) 

Two = outside tube wall temperature (°F) 

two = outside tube wall temperature (°R) 

ta = air temperature (°F) = 70 

Ta = air temperature (°R)
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ew = emissivity of Pyromark coating = 0.9 

a = node area = Ax • Ay

A major uncertainty in these calculations is associated with the estimate 
of the air side convective heat transfer coefficient. The uncertainty is due 
to the difficulty of accounting for the rough nature of the absorber surface 
and the combined effects of free and forced convection.

In the case of the cylindrical receiver, some limited data exists on the 
effect of roughness. The correlations used in these Task 2 calculations are 
based on the experiments by Achenbach (Ref. 3.3-2) with six-inch diameter 
roughened cylinders in cross flow.

Using the advanced central receiver specification for design wind speeds 
the velocity at the top of the 300 meter high tower was found to be 13.325 mph.
This gives a Reynolds number of 6 x 106. The roughness of the receiver based
on one-inch diameter tubes and 15 meter diameter is 0.00085. Achenbach's 
data indicates that heat transfer under these conditions is enhanced by about 
a factor of two over the smooth cylinder case.

Assuming a wind out of the north, the local convection coefficient, Nu/ 
v^, varies around the circumference as given by Figure 2 in Auchenbach's paper. 
Local heat transfer values for each panel are listed in Table 3.3-2. These are
the values of hj used with Equations B-l through B-6 of Appendix B to compute
losses for the cylindrical receiver.

The north field absorber is a flat plate with the half tubes projecting 
from the surface. A brief review of the literature did not turn up any infor­
mation on the effect of roughness on heat transfer from a flat plate. There­
fore, to make the losses comparable for a valid parametric comparison, a smooth 
flat plate heat transfer coefficient was computed and then h-j was set equal to 
twice this value. The flat plate heat transfer correlation used was taken from 
the General Electric Heat Transfer Manual Section G503.5, p. 7, eq. 5-14.

(3.3-7)

where: Two

TA

V

pb
K

outside tube temperature (°R)

air temperature (“R)

wind speed (ft/hr) 13.33 mph

0.075 lb/ft3

0.014 Btu
ft hr-°F
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Table 3.3-2
CYLINDRICAL RECEIVER AIR SIDE CONVECTION COEFFICIENTS

(Auchenbach)

Panel
No.

he
(Btu/hr-f

1 1 .25 0.83
2 2.90 1.96
3 3.65 2.46
4 3.90 2.63
5 3.90 2.63
6 3.60 2.43
7 2.0 1.35
8 1.2 0.81
9 1 .25 0.84
10 1 .35 0.91
11 1 .70 1.15
12 2.0 1.35
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]i = 0.44 lb 
ft hr

Fr = roughness factor, based on cylinder correlation = 2

Table 3.3-3 lists 17 panel values of hx for the 1100 F and 1 300 F surface tem­
peratures. In evaluating the panel losses in Appendix B, the average coeffi­
cient for the 1100 F case was used for both 1100 F and 1300 F.

Free convection on both flat and cylindrical absorber designs is vertical 
and parallel to the tubes (no roughness), whereas forced convection is across 
the tubes (with roughness). Combining the two effects is an area of heat trans­
fer for which there is currently little guidance. Kreith (Ref. 3.3-3) notes 
that when the ratio of Grashoff's number to Reynold's number squared is the 
order of one or greater, then free convection effects are likely to be an im­
portant component in the total convection coefficient. For the design point 
conditions, this ratio is

Gr _ 5 
(Re)2 =

for both receivers. Using the General Electric Heat Transfer Manual, the 
following values for natural convection were calculated for the flat plate 
receiver:

h^ = 1.43 Btu/hr/ft2°F for 1100 F system 

h[y| = 1.52 Btu/hr/ft2°F for 1300 F system

Thus free convection may be important in enhancing the convection losses from 
both the cylindrical and flat receivers. However, due to the uncertainty in 
roughness effects and the lack of a combining rule for free and forced convec­
tion, only the forced convection coefficients described above were used. Fur­
ther work was done on this problem in Task 4 and is reported in Section 5.3.2.

Summary of Absorber Heat Losses

A summary tabulation of all the resulting convection and radiation heat 
losses for the four receiver designs is presented in Table 3.3-4. The details 
of these calculations are given in Appendix B.

Figure 3.3-7 shows a plot of temperature vs. length along the panel which 
was obtained using a more sophisticated computer program for the 1100 F system, 
north field on the hot panel. Also shown is the corresponding hand calculation 
using the approximate techniques outlined above. This shows a reasonable check 
between the outside wall temperature on the tube for both methods. The hand 
calculation can be said to give slightly conservative heat losses since, in 
general, it gives higher surface temperatures.

Mechanical Design of Absorber Panels

Maximum Allowable Solar Flux. In order to determine the maximum allowable 
peak flux on the receiver tubes, thermal/elastic stress analyses of the tubes 
were performed. The analytical model, the computer program used, parameters
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FLAT RECEIVER -
Table 3.3-3

AIR SIDE CONVECTION COEFFICIENTS

Panel X
hx(H00 F) h (1300 F)

No. ft Btu/hr-ft2-°F Btu/hr-ft -°F

1 1.64 4.74 4.52
2 4.92 3.80 3.62
3 8.20 3.43 3.27
4 11.48 3.21 3.06
5 14.76 3.05 2.91
6 18.05 2.93 2.80
7 21 .33 2.84 2.70
8 24.61 2.76 2.63
9 27.89 2.69 2.56

10 31 .17 2.63 2.51
11 34.45 2.58 2.46
12 37.73 2.53 2.41
13 41.01 2.49 2.37
14 44.29 2.45 2.34
15 47.57 2.42 2.30
16 50.86 2.38 2.27
17 54.14 2.35 2.24

<hc> AVE = 2.90* AVE = 2.76

Value used for both 1100 F and 1300 F
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Table 3.3-4 
RECEIVER LOSS SUMMARY

Field Type: North North 360°
Maximum Sodium Temperature (°F): HOP 1300 11.00

Incident Power (MWt) 408.29 410.77 438.88

Reflection Loss* (MW^) -20.42 -20.54 -21.94

Convection Loss (MW^) -2.74 -2.96 -3.37

Radiation Loss* (MW-(-) -8.68 -10.81 -15.80

Power to Sodium (MWt) 376.46 376.46 397.77

Receiver Efficiency (%) 92.2 91.6 90.6

*assumes Pyromark coating with a = 0.95, e = 0.9

360°
1300

444.21
-22.21

-3.66
-20.57

397.77

89.5
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Figure 3.3-7. Accuracy Check for Approximate Panel Loss Calculation Method
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considered and the criteria used in evaluating the allowable flux are de­
scribed below:

Analytical Model. The receiver tube is assumed to be a long thick cylin­
drical shell. The ends of the tube are bent and welded to the headers. This 
support condition simulates that of an elastic spring of given rotational and 
elongational stiffness. However, in this preliminary analysis the tube is 
assumed to be free to expand axially, but is not allowed to rotate at the ends. 
This corresponds to zero elongational stiffness and infinite rotational stiff­
ness. The heat flux is assumed to have a cosine variation, i.e., q = q0 cos e, 
on the sun side of the tube and the rear side is assumed to be insulated. Ax­
ial variation of the flux is ignored, i.e., the tube is assumed to be subjected 
to the peak flux over the length of the tube. Thus the problem is reduced to 
that of generalized plane strain. The above assumptions, in general, are con­
servative, but are suitable for a preliminary study. A more accurate analysis, 
possibly including an elastic-plastic-creep analysis, considering the actual 
elastic support conditions should be done as part of the commercial plant pre- 
1iminary design.

Computer Program. A specialized in-house computer program called NONSYM 
(Refs. 3.3-4, 3.3-5) developed by Foster Wheeler Development Corporation (FWDC) 
was used in this analysis. At present this program has the capability to do 
thermal and stress analyses of tubes subjected to non-axisymmetric radiant 
heating. The tube material can be elastic, or elastic-plastic undergoing creep. 
Elastic spring supports are'permissible. This program has been verified exten­
sively with exact solutions as well as with finite element solutions. It has 
been shown that this program is very accurate and much less expensive than the 
general purpose finite element programs.

Evaluation Criteria. Since the sodium pressure inside the receiver tube 
is low (150 psi) the hoop stresses are very low and ductile rupture is not a 
predominant failure mode. Hence, the minimum tube thickness is determined 
from welding considerations rather than pressure stresses. The solar receiver 
is subjected to startup and shutdown cycles due to diurnal solar flux varia­
tions and cloud covers. Hence, fatigue and creep-fatigue interactions are im­
portant failure modes. One set of possible criteria for the creep-failure 
evaluation of the tubes is that of the ASME Code Case 1592 (Elevated Tempera­
ture Design of Class 1 Nuclear Components). These criteria are consistent 
with the reliability and integrity required in nuclear components. Con­
sequently, these criteria may be too conservative for solar applications and 
may result in severe economic penalties. Hence, the following criteria which 
are a combination of Section I, Section VIII Division 2, and Code Case 1592, 
are used in this study (Ref. 3.2-6).

• Limit the primary stress Pm to the allowable stress S given in
Section I (S is identical to S0 in Code Case 1592).

• Primary and secondary stress (Pl + Pg + Q < 3 Sm) is an extension
of the shakedown limit given in Section VIII Division 2 to the
elevated temperature region. •

• For fatigue criteria, use the inelastic fatigue curves of Code 
Case 1592. The elastic fatigue curves are very conservative.
The creep damage is ignored. This ignoring of creep damage is 
justified at least in regions where the stresses are predominantly 
compressive. In solar tubes, the stress state in those regions 
where the temperature is the highest is compressive.
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In all cases dealt with in this study, the third criteria is the govern­
ing one. (It is assumed that the receiver will be subjected to 13,000 diurnal 
and cloud cover cycles during the 30-year lifetime.) For 316SS the fatigue 
curves of Code Case 1592 are used. These curves have a factor of safety of 
20 on the cycles or 2 on the strain range, whichever is more conservative.
For Inconel-625 no fatigue curves are given in Code Case 1592. Hence, the 
manufacturers fatigue curve (Ref. 3.2-7) with a factor of safety of 20 on the 
cycle is used in this study. This is consistent with the ASME Code approach.

Allowable Flux Values. The various parameters involved in this study and 
the allowable peak flux values are given in Tables 3.3-5 and 3.3-6. For the 
Inconel tubes in the 3600 field design, the allowable fluxes are higher than 
those shown in Table 3.3-6, because the reduced tube diameter and increased 
film coefficient will result in a decrease in thermal stresses.

Receiver Assembly Weight Estimates

Table 3.3-7 lists the weight breakdown for the 3600 field receivers op­
erating at 1100 F and 1300 F. The structural steel weight calculation is de­
tailed in Figure 3.3-8 and Table 3.3-8. The piping weights were obtained 
using the data generated on pipe sizes and lengths for the pressure loss cal­
culations. The EM pump weights were obtained from Figure 3.3-9. The absorber 
panel weights were estimated from the Foster Wheeler panel design detail. Con­
vection curtains and movable insulation were roughly sized and weights were 
obtained.

Table 3.3-9 lists the weight breakdown for the north field receivers op­
erating at 1100 F and 1300 F. The structural steel weight calculation is de­
tailed in Figure 3.3-10 and Table 3.3-10. Other than this, the weight calcu­
lation followed the same approach as that used to estimate weights for the 
receivers for the 360° field.

The pound/foot numbers for an increase in height or width on both designs 
were used to permit parametric weight scaling.

Manufacturing Plan for Absorber Panels

Table 3.3-11 summarizes the design data used in establishing a manufac­
turing cost estimate for the absorber panels. Sketches of the panels (Fig­
ures 3.3-11 and 3.3-12) were also developed to aid in making this estimate.
The absorber manufacturing plan proposed by Foster Wheeler on the basis of 
this information is shown in Figure 3.3-13. The major steps of the manufac­
turing process are:

1. Fabricate attachments -- lugs and plate
2. Wash and machine end, and make one automatic inert gas (AIG) weld
3. Bend tubes
4. Set up and brace panels
5. Make longitudinal tube to tube welds
6. Set up and weld attachments -- lugs and plate
7. Fabricate inlet header -- machine, roll, weld, drill openings
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Table 3.3-5 
316SS TUBES

Sodium Temperature - Inlet = 725 F 
Sodium Temperature - Outlet = 1100 F 
Design Pressure = 150 psi

Allowable Strain Range at 1100 F = 0.21 x 10-3 mm/mm

North Field
Tube ID = 0.465 in.

360° Field
Tube ID = 0.265 in.

Tube Thickness (in.) 0.035 0.050 0.080 0.05 0.08

Sodium Side Coefficient 
(Btu/hr-ft^-F) 8000 8000 8000 10,000 10,000

Maximum Allowable Flux 
(MW/m2) 2.575 1.953 1 .312 2.01 1.33
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Table 3.3-6 
INCONEL 625 TUBES

Sodium Temperature - Inlet = 680 F
Sodium Temperature - Outlet = 1300 F
Design Pressure = 150 psi
Allowable Stress Range (^alt) for 13,000 Cycles = 52 ksi
Tube ID = 0.351

Tube Thickness (in.) 0.035 0.05 0.08

Sodium Side Coefficient (Btu/hr, ft^, F) 9000 9000 9000

Maximum Allowable Flux (MW/m^) 4.86 3.623 2.393
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Table 3.3-7
SUMMARY OF WEIGHTS - SOLAR RECEIVER ASSEMBLY

3600 Field - 1100 F Metal Sodium Insulation 1b/Diam 1b/Height

Structural Steel 356,558 _ - 2,855 2,745
Piping 84,424 114,378 66,406 3,200 328
EM Pumps 75,000 4,000 3,000 - -
Moveable Insulation 25,000 - 83,000 2,117 2,077
Convection Curtains 20,855 - - 469 -
Absorber Panels 334,000 82,000 128,000 10,750 8,026

895,837 
Weight z

200,378
= 1,376,621

280,406
lb

19,391 13,176

3600 Field - 1300 F

Structural Steel 356,558 - - 2,855 2,745
Piping 75,239 87,919 57,745 2,848 219
EM Pumps 50,830 2,700 2,000 - -

Moveable Insulation 25,000 - 83,000 2,117 2,077
Convection Curtains 20,855 - - 469 -
Absorber Panels 321,000 63,000 128,000 10,120 7,917

849,482
Weight E

153,619
= 1,273,846

270,745
lb

18,409 12,958
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CRANE

SCALE (feet)

CONVECTION
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PANELS

ABSORBER 
PANEL -

SECTION AA

MOVEABLE
INSULATION

SECTION BB

TOWER

Figure 3.3-8. Structural Steel for 360° Field
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Table 3.3-8
STRUCTURAL STEEL WEIGHT ESTIMATE FOR 360° FIELD

Member Size
1 18 x 11-3/4
2 ST 61
3 12 x 3 Channel
4 8 x 2-1/4 Channel
5 18 x 11-3/4
6 18 x 8-3/4
7 8 x 6-1/2
8 12x8
9 12 x 6-1/2

10 8 x 6-1/2
11 8 x 6-1/2
12 12 x 3 channel
13

Ladders
12 x 3 channel

Platforms

Length lb/ft lb
432 105 45,360
360 25 9,000
270 30 7,920
800 18.75 15,000
512 105 53,750
560 85 47,600
880 28 24,640
720 50 36,000
920 31 28,520
288 24 6,912
480 24 11,520
653 25 16,336
800 25 20,000
200 20 4,000

30,000

356,558
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10 4000
EM PUMP FLOW - GPM

Figure 3.3-9. Small EM Pump Weights
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Table 3.3-9
SUMMARY OF WEIGHTS - SOLAR RECEIVER ASSEMBLY

Ib/ft
North Field - 1100 F Metal Sodium Insulation 1b/Width 1b/Heiqht

Structural Steel 258,560 - - 2,628 705
Piping 139,710 135,652 95,603 671 3,030
EM Pumps 75,000 4,000 3,000 - -

Moveable Insulation 10,000 - 36,000 767 767
Convection Curtains 18,000 - - 1,000 2,000
Absorber Panels 120,161 29,566 46,000 1,697 2,887

Totals 621,431
Weight z

169,218
= 9.71 x

180,603
105 lb

6,763 9,389

North Field - 1300 F

Structural Steel 258,560 - - 2,628 705
Piping 109,681 83,714 88,281 409 2,650
EM Pumps 50,830 2,700 2,000 - -

Moveable Insulation 10,000 - 36,000 767 767
Convection Curtains 18,000 - - 1,000 2,000
Absorber Panels 115,300 22,940 46,000 1,506 2,848

Totals 562,400 
Weight z

109,354
= 8.44 x

172,281
105 lb

6,310 8,970
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ALL BRACING 
6x2 CHANNELS 

10.5 Ib/ft

18 x 8% wf
70 Ib/ft

12 x 6 VS wf
36 Ib/ft

FRONTSIDE

Figure 3.3-10. Structural Steel for North Field Receiver
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Table 3.3-10
WEIGHT BREAKDOWN FOR STRUCTURAL MEMBERS 

IN NORTH FIELD RECEIVERS

Vertical Members
4 Corners - 18 x 8-3/4 I-Beams 70 Ib/ft 

560 x 70 ft

4 Intermediate - 18 x 8-3/4 I-Beams 70 Ib/ft 
560 x 70 ft

Platforms - 7 Required
12 x 6-1/2 I-Beams 36 Ib/ft

7 x (2 x 60' + 2 x 30‘) x 36 Ib/ft Frame 
7 x (3 x 60' + 3 x 30') x 36 Ib/ft Joists 
Platform and Supports - Guess

Bracing - <34 Required - 40 ft Long 
6x2 Channel 10.5 Ib/ft 
34 x 40 x 10.5 Ib/ft

Ladders - 300 ft @ 20 Ib/ft

Moveable Insulation Guide
180 Ft 12 x 3 Channel 25 Ib/ft

Pump Supports - Guess

Increase Height - 1 ft
(39,200 + 39,200 + 14,280 + 6,000) 1 ft/140 ft = 705 lb

Increase Width - 1 ft
(143,400 + 14,280) 1 ft/60 ft = 2628 lb

39,200

39,200

45,360
68,040
30,000

143,400

14,280

6,000

6,480

10,000 
258,560 lb

705 lb 

2,628 lb
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Table 3.3-11
ABSORBER PANELS - ADVANCED CENTRAL RECEIVER

PRELIMINARY DESIGN DATA FOR USE IN TASK 2

North Field 360° Field
1100 F 1300 F 1100 F 1300 F

Tube Outside Diameter (in.) 1.0095 0.772 .5993 .4685
Tube Wall Thickness (in.) 0.035 0.035 .035 .035
Active Tube Length (ft) 55.8 55.8 49.22 49.22
Total Tube Length (ft) 70 70 64 64
Number of Tubes/Panels 39 51 129 165
Panel Width (ft) 3.281 3.281 6.442 6.442
Panel Length (ft) 57.8 57.8 51.22 51.22
Number of Panels 17 17 24 24
Inlet Header - OD (in.) 16 12 16 12
Inlet Header - Wall Thickness (in.) 0.312 0.250 0.312 0.250
Outlet Headers - OD (in.) 12 10 12 10
Outlet Headers - Wall Thickness (in.) 0.250 0.219 0.250 0.219
Sodium Temperature - Panel Inlet (F) 725 680 725 680
Sodium Temperature - Panel Outlet* (F) 1100 1300 1100 1300
Peak Heat Flux - (MW/m^) 3.84 3.84 1.602 1.602
Average Heat Flux - (MW/m^) 1.298 1.298 0.530 0.530
Panel Pressure Loss (psi) 10 10 10 10

Strongback - Channel Size 12x3
30 Ib/ft

12x3
30 Ib/ft

12x3
30 Ib/ft

12x3
30 Ib/ft

Design Pressure - psi 150 150 150 150
Flow in Peak Flux Panel (Ib/hr) 1.047xl06 .635xl06 0.783x106 0.474xl06
Sodium Side Coefficient** Btu/hr-ft2-F 8229 8894 10233 11757
Wall OD Coefficient Btu/hr-ft^-F 4168 4579 4062 4432
Tube Temperature (OD) at Peak Flux 1176 1096 906 845
Tube Temperature (ID) at Peak Flux 884 831 781 731

* Adjust sodium flow to each panel to meet outlet temperature specified. 
**Based on panel flow in peak heat flux panel (Referenced to tube ID).
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HEADER
FLUX
SHIELD

C6x2x10.5# ------------- ACTIVE LENGTH
PANEL EXPANSION SUPPORT

W4x13# ABSORBER TUBES

INLET
HEADEROUTLET

HEADER

C6x2x10.5# C9x2-1 /2x13.4# CHANNEL 
Cl2x3x30#SYM.

PANEL
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Figure 3.3-11. Absorber Panel - Advanced Central Receiver
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ABSORBER TUBES

W4x13# BEAM

NOTE: FOR ESTIMATING PURPOSES ONLY

Figure 3.3-12. Absorber Panel - Expansion Support
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TUBES PANELS

BEND AND TRIM FABRICATE TUBE 
PANELS

OUTLET HEADER 
HALVES PANELAND HEADER ASSEMBLY

■*- FORM, DRILL, 
i AND WELD NOZZLE (047)1. ROLL AND WELD PANEL TUBES TO 

HEADER HALVES
Si' 2. WELD HEADER HALVES TOGETHER 

| 3. PRESSURE TEST
INLET HEADER HALVES

]" FORM, DRILL,J AND WELD NOZZLES

PANEL MOUNTING FRAME

FABRICATE f PANEL MODULE

ASSEMBLE, PAINT, AND SHIP

Figure 3.3-13. Basic Fabrication Sequence - Advanced Central Solar Receiver Absorber Panel Module
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8. Fabricate outlet headers -- machine, roll, weld, drill openings
9. Insert tubes in headers

10. Weld tubes to headers
11. Stress relieve
12. Fabricate shipping frame
13. Apply paint
14. Prepare for shipment
15. Load on flatbed truck

Receiver Pumping Requirement

Small EM Pumps. Pumping power requirements were estimated for all combina­
tions of receiver type, temperature level, and tower height considered in the 
parametric analysis. These calculations are described in Appendix B and the 
results are summarized in Table 3.3-12.

The results in Table 3.3-12 are for the baseline system including IHX. 
Pumping requirements for the throttle valve and two pressure storage cases 
were estimated by scaling these results.

Large EM Pumps. A rough estimate of the cost and power requirement of the EM 
pumps in the storage subsystem was made. The standard line sizes were all 
selected for a maximum flow velocity of 25 feet/second. An estimate was then 
made of the line lengths, elbows, tees, valves, expansions, contractions, etc., 
and pressure loss calculations were made from the total equivalent pipe runs. 
Static head effects were ignored as second order effects at full system flow.
The line flow rates were determined from the system heat balance. The result­
ing parametric design data for all of the EM pumps are contained in Table 3.3-13 
for storage concepts No. 1 through No. 4 for 1100 F and 1300 F respectively.
All of the remaining parametric storage system pumps were obtained from extra­
polations of this basic data. The new head requirements were obtained by apply­
ing the ratio of flows to the 1.8 power, (W/WRfrp)^-8, and line lengths, to the 
first power (L/Lrep).
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Table 3.3-12
RECEIVER PUMPING REQUIREMENTS 

SMALL EM PUMPS IN ABSORBER

Tower Power
Height Required

m MWe

1100 F 150 1.972
North 225 2.219
Field 300 2.468

1300 F 150 1.619
North 225 1.854
Field 300 2.081

1100 F 150 1.962
360° 225 2.208
Field 300 2.456

1300 F 150 1.616
360° 225 1 .842
Field 300 2.068

Note: These numbers correspor

Number
of

Pumps*

Capital 
Cost of Pumps 

M$

17 7.10
17 7.64
17 8.03

17 6.29
17 6.67
17 7.12

24 8.47
24 8.79
24 9.21

24 7.59
24 7.93
24 8.42

to the baseline system
concept which includes an intermediate heat ex­
changer (IHX). All pumping is provided by small 
EM pumps located in receiver.

*0ne pump per panel.
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Table 3.3-13
SUMMARY OF PARAMETRIC BASE CASES FOR LARGE EM PUMP DATA

No. Storage Concept
Parametric

System
FI ow

1 b/hr
Flow
gpm

Head
psid

Head
ft

Pump
Eff - %

Electric
Power-MW(

1 Steel Balls-Loop Pump 1100 F 9.909x106 23,007 75 201.1 50 1.501

1 Steel Balls-Stor. Pump 1100 F 9.909xl06 23,007 75 201.1 50 1.501

1 Steel Balls-Loop Pump 1300 F 6.235x106 14,386 75 199.9 50 0.939

1 Steel Balls-Stor. Pump 1300 F 6.235x106 14,386 75 199.9 50 0.939

2 Switch Tanks-Loop Pump 1100 F 9.909x106 23,007 125 282.6 50 2.110

2 Switch Tanks-Stor. Pump 1100 F 6.606x1O6 16,150 75 211.8 50 1 .054

2 Switch Tanks-Loop Pump 1300 F 6.235x106 14,386 125 335.2 50 1 .574

2 Switch Tanks-Stor. Pump 1300 F 4.157x106 10,620 75 221.3 50 0.693

3 Hot/Cold Tanks-IHX Pump 1100 F 9.909xl06 23,007 50 134.1 50 1 .001

3 Hot/Cold Tanks-S.G. Pump 1100 F 6.606x106 16,150 75 211 .8 50 1 .054

3 Hot/Cold Tanks-IHX Pump 1300 F 6.235x106 14,386 50 133.2 50 0.626

3 Hot/Cold Tanks-S.G. Pump 1300 F 4.157xl06 10,620 75 221.3 50 0.629
4 IHX Pump 1100 F 9.909x106 23,007 50 134.1 50 1 .001

4 S.G. Pump 1100 F 6.606x106 16,150 75 211 .8 50 1 .054

4 Storage Pump 1100 F 9.909x106 23,007 50 134.1 50 1 .001

4 IHX Pump 1300 F 6.235x106 14.386 50 133.2 50 0.626

4 S.G. Pump 1300 F 4.157x106 10,620 75 221 .3 50 0.629

4 Storage Pump 1300 F 6.235x106 14,386 50 133.2 50 0.626
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3.3.3 TOWER AND RISER - DOWNCOMER CONCEPTS 

Receiver Tower

Guyed vs. Non-Guyed Construction. The construction technique selected for the 
receiver tower is slip formed concrete, free standing. Guyed construction is 
not recommended for either the steel or contrete tower, although this system 
would probably require less construction material. Some disadvantages of a 
guyed system are

• its indeterminate interaction with the relatively stiff tower struc­
ture under the combined loadings of wind, heat, and icing of the cables

• potential interference of the numerous cables and their anchorages 
with the heliostat array and operations

• the possibility that failure of one cable could cause the collapse of 
the entire tower (an example is the Emley Moor Tower in Yorkshire, U.K., 
in March 1969)

Steel vs. Concrete Construction. In comparing the steel frame tower contruc- 
tion costs of those of the slip formed reinforced concrete tower, it is con­
sidered that the latter is probably less costly. Slip formed concrete has the 
advantages of shorter design and construction time. Additionally, maintenance 
costs for the concrete tower are lower. Accordingly we have chosen the slip 
formed reinforced concrete tower concept. It should be noted that some dozen 
or more existing towers between 220 and 550 meters have been constructed in 
free standing concrete in the U.S. and overseas.

Tower Criteria. The following criteria were used in designing the towers for 
the parametric analysis.

Tower heights: 150,225,300 meters
Receiver size: 17m diameter x 17m tall cylinder
Receiver weight: 1000 kips
Central shaft, piping: 300 kips

Maximum allowable receiver displacement due to wind = 2 meters

Wind speed: 90 mph (30 ft above grade), Exposure C, ANSI - A58.1, speed
increases as 0.15 power of height 

Seismic loads: Per Uniform Building Code, Zone 3 with
Z = 0.75 
I = 1.0 
K = 2.0 
S = 1.0

C* = 0.046 (300M)
0.047 (225M) 
0.066 (150M)

Allowable soil pressure: 10 ksf

*Reference 3.3-8.
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Tower Design. A preliminary design of the receiver tower (Figures 3.3-14 
through 3.3-16) has been prepared. These diagrams show the tower as a slip 
formed reinforced concrete tower with central elevator core and maintenance 
platforms at different levels. An access ladder extends the length of the 
elevator core.

The tower was designed to accept the total weights for the 360° field 
(1100 F and 1300 F) case which has greater weights than the north field case 
(1100 F and 1300 F). The tower design is not sensitive to the difference in 
weights between the 360° field case and the north field case (about 400 kips).

The procedure used to design the towers was as follows:

a) Set diameter of shell at 52'-6" at the point of connection to the 
receiver.

b) Select base shell diameter, shell thickness and foundation ring size 
by rough scaling of the new Emly Moor Tower.*

c) Compute the wind and seismic loads
d) Check for failure of the shell at grade.'!'
e) Check for overturning due to excessive force on the underside of the 

foundation.+
f) check for excessive deflection of receiver due to wind loading.

In all three cases (150, 225, and 300 meters), the initial selection of 
shell diameters and thickness was found to be slightly conservative for this 
application. However, the initial selection was judged to be near the optimum 
and was adopted without change.

Tower Cost Estimate. The design and cost estimate was done for three different 
heights. Results of the cost estimate are tabulated in Appendix D and in Ta­
ble 3.3-14. Tower cost includes foundations (forms, rebar, concrete, embed­
ments), tower (slip formed concrete), elevated slabs, steel (core, maintenance 
platforms), and service elevator. Costs are expressed in mid-1978 dollars.

Downcomer/Riser Design

Material Specification

1100 F System
Pipe diameter 
Downcomer material 
Riser material

1300 F System
Pipe diameter 
Downcomer material 
Riser Material

*0riginal guyed steel structure was 
fBased on combinations of live and

24 inches (downcomer and riser)
316SS
2-1/4 CR - 1 Mo

18 inches (downcomer and riser)
Inconel 625 
2-1/4 CR - 1 Mo

replaced by a slip formed concrete tower, 
ead loads specified in ANSI A58.1
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SHELL DIAMETER = 52'6"(16m) 
THICKNESS = ri" (330mm)

INSULATION
PANELS

26.2 m

PLAN AT HOIST ROOM FLOOR 
ELEVATION =472'0"

SLIDING INSULATION 
PANELS ------*

(150 m)

FIRST PLATFORM 
LEVEL = 150'0"
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MAINTENANCE FLOOR LEVEL (168.3 m)

BASE SHELL DIAMETER = 92'0'' (28.04 m) 
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DOWNCOMER/
RISER SECTION

PIPE CHASE 
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SCALE: 1/16" = 1'0"

Figure 3.3-14. Tower - 150 Meters
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HOIST ROOM FLOOR 
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Figure 3.3-15. Tower - 225 Meters
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Bellows vs. Helical Configuration. The use of bellows to accommodate thermal 
expansion in the downcomer and riser pipes was considered. Thermal expansion 
of 316 stainless steel from 70 F to 1300 F is approximately 15-1/2 inches per 
100 feet. If standard bellows with axial expansion of 3 inches are adopted, 
approximately 100 bellows would be required for the 984 foot tower case for 
both downcomer and riser pipes. Cost for each bellows (nonflanged type) is as­
sumed to be $4000. The total materials cost for bellows (including installa­
tion costs) would therefore be approximately $400,000. If flanged bellows are 
used, costs would be much higher.

A design for a helical downcomer/riser configuration was developed. An 
angle of 60° was chosen and allowable stresses checked. For this design ap­
proximately 15 percent extra material is required. For the 984 foot tower 
case, the cost of this extra material is approximately $100,000. Fabrication 
of the helix could be done by bending straight sections of pipe and the cost 
of pipe bending is included in the pipe cost estimate. The cost of welding 
of the incremental material would be approximately $15,000. The helical con­
figuration is thus more economical than bellows for the assumptions made in 
this analysis.

It is considered, further, that bellows may present a problem with reli­
ability. Since bellows failure could lead to a plant shutdown, the use of 
bellows is rejected. The helical configuration is recommended over use of 
expansion loops to minimize pressure drops which could lead to a lowering of 
plant efficiency.

Cost Estimate of Helical Configurations. Appendix E shows the downcomer riser 
cost estimate with the helical configuration. The cost estimate includes ma­
terial, labor, hangers, insulation (Thermal 12 with aluminum jacket). Table 3.3- 
15 summarizes total downcomer/riser cost as a function of tower height.

3.3.4 RECEIVER COST ESTIMATES

Receiver subsystem cost estimates, using 1978 dollars, were developed for 
the parametric analysis (Task 2) for north field and 360° field collector con­
figurations, maximum system temperatures of both 1300 F and 1100 F, and tower 
heights of 150, 225, and 300 meters. These estimates include costs for the 
following items:

Major Components
Absorber Panels
Trim EM Pumps and Peripherals
Tower
Riser/Downcomer 

Other Items
Receiver Piping 
Receiver Structural Steel 
Dump Tank
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Table 3.3-14 
TOWER COSTS

Tower Height

150 meters 
225 meters 
300 meters

Cost

$ 4,300,000 
$ 7,700,000 
$14,700,000

Table 3.3-15
DOWNCOMER RISER COST ESTIMATE

Tower Height

150 meters 
225 meters 
300 meters

150 meters 
225 meters 
300 meters

Case A - 1300 F

$ 500,000
$ 800,000
$1 ,200,000

Case B - 1100 F

$ 700,000 
$1 ,100,000 
$1 ,700,000
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Table 3.3-16 
RECEIVER COST SUMMARY

NORTH FIELD (Cost=$106) 360° FIELD (Cost=$l06)

150 m 225 m 300 m 1 50 m 225 m 300 m
ITEM 1300 F 1100 F 1300 F 1100 F 1300 F 1100 F 1300 F 1100 F 1300 F 1100 F 1300 F 1100 F

1. Absorber Panel 1.304 1.119 1.304 1.119 1.304 1.119 3.965 2.998 3.965 2.998 3.965 2.998

2. EM Pumps* 6.290 7.100 6.670 7.640 7.120 8.030 7.590 8.470 7.930 8.790 8.420 9.210

3. Tower 4.232 4.232 7.719 7.719 14.652 14.652 4.232 4.232 7.719 7.719 14.652 14.652

4. Riser/Downcomer 0.463 0.701 0.763 1.108 1.114 1.637 0.463 0.701 0.763 1.108 1.144 1.637

Subtotal 1 12.289 13.152 16.456 17.586 24.220 25.438 16.250 16.401 20.377 20.615 28.181 28.497

1. Feeder Lines 0.714 0.702 0.714 0.702 0.714 0.702 0.583 0.455 0.583 0.455 0.583 0.455

2. Headers 0.057 0.056 0.057 0.056 0.057 0.056 0.157 0.154 0.157 0.154 0.157 0.154

3. Structural Steel 0.150 0.150 0.150 0.150 0.150 0.150 0.207 0.207 0.207 0.207 0.207 0.207

4. Dump Tank 0.155 0.200 0.155 0.220 0.180 0.220 0.155 0.180 0.155 0.200 0.180 0.220

5. Surge Tank 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100

6. Sodium 0.085 0.147 0.102 O'. 176 0.118 0.205 0.076 0.127 0.093 0.157 0.109 0.186

Subtotal 2 1.261 1.355 1.278 1.404 1.319 1.433 1.278 1.223 1.295 1.273 1.336 1.322

Total: Sub 1 + Sub 2 13.550 14.507 17.734 18.990 25.539 26.881 17.528 17.624 21.672 21.888 29.517 29.819

Note: Moveable Insulation Costs Are Mot Included. 
These costs apply to a system with an IHX.
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Surge Tank
Sodium (for receiver system only)

The results of these estimates are given in Table 3.3-16.

The bases of the costs for the above receiver subsystem items are given 
below.

Absorber Panels. Absorber panel costs were developed by FWDC for four prelim­
inary panel designs as shown below. All panel designs included a center inlet 
header and a top and bottom outlet header as shown in Figure 3.3-11, and were 
assembled according to the manufacturing sequence described in Figure 3.3-13.

Panel Design No. 1 No. 2 No. 3 No. 4
North

1 300 F
Fi el d
1100 F

360°
1 300 F

Field
1100 F

Tubing Material 1-625 1-625 1-625 SS316
Tubing OD (in.) 0.75 1 .0 0.4685 0.5993
Tubing Wall Thickness (in.) 0.049 0.049 0.035 0.035
Tube Total Length (ft) 70 70 64 64

Number of Tubes per Panel 51 39 165 129
Number of Panels 17 17 24 24
Material Cost/Panel ($) 24,140 23,600 30,210 16,260
Labor Cost/Panel ($) 52,570 42,200 135,000 108,660
Total Cost/Panel ($) 76,710 65,800 165,210 124,920

Total Absorber Panel Cost ($M) 1 .304 1.119 3.965 2.998

Trim EM Pumps. Cost and performance data for the EM trim pumps located in the 
receiver assembly (one per absorber panel) were developed from GE induction 
pump manufacturing experience. The total pump cost for each receiver configura 
tion and system temperature are shown plotted vs. tower height in Figure 3.3-17 
These pump costs include power supplies, capacitors, and cooling equipment.

Tower. Tower costs were developed by Kaiser Engineers Inc. for slip formed 
concrete towers 150, 225, and 300 meters high. Tower cost vs. tower height is 
shown in Figure 3.3-18. The elements of these cost estimates are shown below.

Tower Height
150 m 225 m 300 m

Material 1 .815 3.272 6.118
Labor 1 .329 2.452 4.722
Taxes and Contractors Indirect 1 .088 1 .995 3.812

Total $4,232 $7,719 $14,652
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Riser/Downcomers. Riser/downcomer estimated total costs vs. tower height are 
shown in Figure 3.3-19. Estimates are based on a 60° helical piping configu­
ration to accommodate differential thermal expansion between the pipe and tower. 
Pipe sizes and material used for these estimates are given below.

Material
1300 F System 1100 F System

Riser 2-l/4Cr - 1 Mo 2-1/4 Cr - 1 Mo
Downcomer Inconel 625 316SS
Pi pe Size 18 in.* 24 in.*

Cost Elements ($ in Millions)
1300 F 1100 F

1 50 m 225 m 300 m 150 m 225 m 300 m

Material 0.346 0.576 0.870 0.524 0.826 1 .217

Labor 0.038 0.059 0.084 0.058 0.093 0.141
Taxes and Contractors Indirect 0.079 0.128 0.190 0.119 0.189 0.279

Total 0.463 0.763 1 .144 0.701 1 .108 1 .637

Other Items. Receiver piping includes the interconnecting piping between the 
riser/downcomer and the absorber panels. Costs are installed costs including 
manifold branch pipe, fittings, hangers, traceheating, insulation, labor, and 
overhead. Structural steel costs are based on $0.58/pound, installed. The 
dump tank and surge tank are based on the use of carbon steel and 2-l/4Cr -1 Mo 
materials, respectively, designed and constructed in accordance with Section VIII 
of the ASME Boiler and Pressure Vessel Code. Costs are based on recent procure­
ment of similar tanks. Sodium costs are based on $0.33/pound for large bulk 
quantities of commercial grade sodium.

*Wall thickness is specified in Tables E-l through E-6 of Appendix E.
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360° FIELD - 1100° F
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Figure 3.3-17. Capital Cost for Small EM Pumps for Absorber Panels
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O 10

TOWER HEIGHT (METERS)

Figure 3.3-18, Plot of Tower Cost vs. Height
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Figure 3.3-19. Riser/Downcomer Costs vs. Tower Height
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3.4 STORAGE SUBSYSTEM

The general design/operating/survival requirements considered in the para­
metric analysis of storage options are defined in Table 3.4-1

Table 3.4-1
STORAGE SUBSYSTEM REQUIREMENTS •

Baseline Design Operating Survival

• System Temperature 1300 F case 1260 F 630 - 1260 F -
1100 F case 1050 F 630 - 1050 F -

• System Pressure Na-Fe case 150 psi 35 - 150 psi -

Na case 50 psi 30 - 50 psi -

• System Flow Rates
1300 F Charge 6.24 x 106 W 0 - 6.24 x 106 W -

Discharge 4.16 x 106 W 0 - 4.16 x 106 W -
1100 F Charge 9.91 x 106 U 0 - 9.91 x 106 W -

Discharge 6.61 x 106 U 0 - 6.61 x 106 W -

• Design Life 30 years 30 years -

• Minimum Storage Temperature 350 F 350 F
(Trace heated, dump system)

• Environment

Outside environment No sodium expulsion to atmosphere Sodium drop and
suppression ponds

Temperature Wet bulb 74 F -20 to 120 F
Dry bulb 82.6 F

Wind 8 mph ^40 mph 90 mph

• Plant Availability 90%

• Maintainability Accessible for Sodium removal Sodium drip and
maintenance from components suppression ponds

• Temperature Maintenance <2% loss for <2% loss for
24 hour period 24 hour period
at normal base- at normal base-
line conditions line conditions

• Operating Modes Standby Shutdown
Charge at solar-multiple Drain
of 0 to 1.5
Discharge to Steam Generators 
at plant design rating (100 MWe)
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3.4.1 STORAGE CONCEPTS AND SIZING

Four basic storage concepts were identified at the start of the parametric 
analysis:

Concept 1 - sensible energy storage in liquid sodium and iron in one or 
more tanks using the increased volumetric heat capacity of iron with 
thermocline heat transfer for both charge and discharge (see Figure 3.4-1).

Concept 2 - sensible energy storage of sodium in multiple tanks with the 
equivalent of one tank always left empty for purposes of hot or cold 
sodium transfer (Figure 3.4-2).

Concept 3 - sensible energy storage of sodium in separate low pressure hot 
and cold tanks. The complex of hot or cold tanks is capable of accepting 
the total sodium inventory and independent operation of the steam genera­
tor and tower/receiver loop is provided. This configuration was also used 
to evaluate the possibility of using draw salt instead of sodium as the 
storage medium (Figure 3.4-3).

Concept 4 - hybrid sensible energy storage system which combines the sodium/ 
iron feature of Concept 1 with the hot and cold independently operated 
tankage of Concept 3 (Figure 3.4-4).

During the analysis, these concepts were discovered to be quite expensive 
because the Intermediate Heat Exchanger (IHX) was included to isolate storage 
from high pressure at the base of the tower. Additional parametric cases were 
defined to investigate the following alternatives to the IHX:

1. Throttle valve at the base of the downcomer
with low pressure storage vessels

Figure 3.4-5 describes two cases in which the receiver loop pumping is 
provided entirely by the EM pump allocated to each receiver panel. These 
pumps are located on the ground to provide adequate pump inlet pressure. 
Figure 3.4-6 is a variation of this configuration in which the major pump­
ing input comes from a single ground level pump, while small EM pumps in 
the tower are used to trim the flow in each panel. Figure 3.4-7 shows 
the large ground level pump with control valves on each panel instead of 
EM trim pumps.

2. Jet pumps with low pressure storage vessels

Figure 3.4-8 shows two cases which use jet pumps to pump low pressure tank 
fluid into the high pressure steam generator loop. When hot fluid is be­
ing stored, it is throttled into the hot tank.

3. Two pressure storage with part of the storage at high pressure

Figure 3.4-9 shows a high pressure steam generator loop having two small 
high pressure tanks. These tanks hold just enough sodium to ride out short 
term transients (<15 minutes). Excess hot sodium is throttled and stored 
in large low pressure tanks; it is recovered by pumping back into the
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Figure 3.4-2. Concept 2 - Sodium - Empty Tank (Cases S2 - 1100 F, S7 - 1300 F)
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Figure 3.4-4. Concept 4-Hybrid of Concepts 1 and 3 (Cases 54 - 1100 F, 59 - 1300 F
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small high pressure hot tank. Cold sodium is handled the same way.
Figure 3.4-10 shows a variation on this concept which eliminates the 
smaller of the two pumps (Flow B/Flow A = 1.5 due to solar multiple). 
Figure 3.4-11 shows another variation which eliminates the larger 
pump and substitutes large high pressure cold tanks.

The complete matrix of storage parametric cases is summarized in Table 
3.4-2. The major parametric variables are temperature level (1100 F vs.
1300 F), storage concept, pressure reducer, and tower flow control technique.

The storage subsystem for the advanced central receiver is required to 
provide a storage capactiy of 3 MWe hr/MWe. The steam cycle used as the basis 
for this parametric analysis (see Appendix H) requires approximately 250 MWt 
at full output; thus the thermal capacity of storage must be 750 MWth to meet 
the specification. Tank volumes and storage material requirements were deter­
mined for the four storage concepts so as to provide 750 MWth of net recovered 
energy; losses were accounted for as follows:

Sodium 
Storage 

(%)

Losses*
Insulation (24 hours) 1
Thermocline Loss 0
Turbine Startup 1

2

Sodium + Iron 
Storage 

(%)

1
3
1
5

*as a fraction of net capacity

In addition a 10 percent tank volume adder was applied to the sodium + 
iron cases to account for the volume occupied by flow distribution structures 
at the base of the tanks.

The insulation losses shown were estimated for a 24-hour duty cycle be­
cause it was assumed that the energy stored each day would be used completely 
during that day. Thermocline losses for the sodium + iron storage cases were 
estimated on the basis of a detailed transient thermal analysis. This is 
discussed in Appendix F and Section 3.4.5. Turbine startup energy was based 
on 2 percent steam flow during a one-half hour start.

It was assumed that the storage media had the following average proper-
ti es:

Density Specific
(lb/ft3) Heat (Btu/lb-F)

Sodium 50 0.30
Iron 492 0.15
Sodium + Iron 381 0.15
(75% Iron by
Volume)*

assumes hexagonal close packed spheres 
(one-half-inch diameter)
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Table 3.4-2
THERMAL STORAGE SUBSYSTEM PARAMETRIC CASES SI THROUGH S22

Case
No.

Temp. 
(°F)

Storage
Concept

Pressure
Reducer

Tank
Assembly Tower Flow Control

SI 1100 1 IHX Factory Smal 1 EM Pumps on Absorber Panels

S2 1100 2 IHX Field Smal 1 EM Pumps on Absorber Panels

S3 1100 3 IHX Fiel d Smal 1 EM Pumps on Absorber Panel s

S4 1100 4 IHX Factory
Field

Smal 1 EM Pumps on Absorber Panel s

S5 1100 3/Salt IHX Fiel d Smal 1 EM Pumps on Absorber Panel s

S6 1300 1 IHX Factory Smal 1 EM Pumps on Absorber Panels

S7 1300 2 IHX Field Smal 1 EM Pumps on Absorber Panels

S8 1300 3 IHX Field Smal 1 EM Pumps on Absorber Panels

S9 1300 4 IHX Factory 
Fiel d

Smal 1 EM Pumps on Absorber Panels

SIO 1100 3 Valve Field Small EM Pumps at Tower Base, Multiple 
Risers

Sll 1100 3 Val ve Field Large Pump at Tower Base - 
Pumps

Small Panel

SI 2 1100 3 Valve Field Large Pump at Tower Base - Panel Valves

SI 3 1100 3 Jet Pump Fiel d Same as SI 1

SI 4 1100 3 Jet Pump Fi el d Same as SI 2

SI 5 1100 Two Pressure Storage Factory
Field

Small EM Pumps on Absorber Panels

SI 6 1300 High/Low Hot and Cold 
Tanks

Factory
Field

Smal 1 EM Pumps on Absorber Panels

SI 7 1100 Two Pressure Storage Factory
Field

Smal 1 EM Pumps on Absorber Panels

SI 8 1300 High/Low
Tanks

Hot and Cold Factory
Field

Smal 1 EM Pumps on Absorber Panel s

SI 9 1100 Same as S15/S16 Factory
Fi el d

Smal 1 EM Pumps on Absorber Panels

S20 1300 Added Valves to Elim­
inate One Pump

Factory
Field

Smal 1 EM Pumps on Absorber Panels
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Table 3.4-3 gives a summary of the storage volumes which were calculated 
based on these data. These numbers have been rounded.

Preliminary calculations had indicated that the tankage cost would be a 
significant part of the total storage subsystem cost. For this reason a sub- 
optimization was performed to find the most cost-effective tank fabrication 
technique. The two major options investigated were field assembled tanks and 
factory assembled tanks; these were analyzed by Kaiser Engineers and Foster 
Wheeler Development Corporation respectively.

Figures 3.4-12 and 3.4-13 describe the way the storage vessels would be 
arranged and supported. The factory fabricated vessels would be mounted in 
groups of four to nine tanks to reduce insulation and valving requirements. 
The field fabricated tanks are large enough that this clustering is not nec­
essary; each tank stands alone. Figure 3.4-14 shows three alternatives for 
arranging the iron in the thermocline tanks. This is not a trivial consider­
ation since the arrangement affects the packing density of the iron and may 
also significantly increase the effective pressure on the tank walls if, for 
instance, iron balls are used. However, it was not possible to address this 
question in more detail in the parametric analysis.

The details of the various factory fabricated tank designs are described 
in Section 3.4.2; details of the field fabricated tanks are given in Sec­
tion 3.4.3. A summary of the storage subsystem cost estimates is given in 
Section 3.4.7.



Table 3.4-3 
STORAGE VOLUMES 

Operating
Temperatures Volume of Nominal

High Low Media Tank Volume
(°F) (OF) ft 3 ft3

Concept 1 1260 630 72,000 79,200a
1050 630 108,000 118,800a

Concept 2 - 1260 630 276,300 345,375b
1050 630 416,000 520,000b

Concept 3 1260 630 276,300 552,600°
1050 630 416,000 832,000°

Concept 4 1260 630 140,100 237,000
1050 630 210,700 356,600

aAccounts for flow spreaders

^Assumes a five tank array with one empty tank

cVolume is double that of sodium due to duplicate sets of tanks
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2 POINT CRADLE

RIGID SLIDING

HORIZONTAL CONFIGURATION

SUSPENDED 
FROM CONICAL 
SUPPORT

V \ ' \ \ \ \ \ \ '
VERTICAL CONFIGURATIONS

Figure 3.4-12. Typical Factory Fabricated Tank Clusters
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SODIUM-IRON STORAGE

\ \ ' \

SODIUM STORAGE

Figure 3.4-13 Typical Field Fabricated Tank Configuration
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VOLUME SODIUM 25
VOLUME IRON 75

MANIFOLDING

SOLID PACKING 
OF BALLS

SPACED LAYERING 
OF BALLS

RODS AND PLATES

CHARGE I 
| DISCHARGE ’

Figure 3.4-14. Sodium-Iron Tank Concept
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3.4.2 FACTORY ASSEMBLED STORAGE VESSELS

The major difference between field and factory fabricated vessels is that 
factory assembled tanks are limited to sizes which are transportable while 
field tanks are not. Railroad limits are a maximum width of 13 feet with the 
maximum length variable from rv60 feet out of New York City to ^90 feet out of 
the Southeast. Shipment through the Panama Canal to coastal ports can accom­
modate lengths up to 120 feet. For purposes of this study, the factory fabri­
cated tank size was selected to be 13 feet 0D by less than 90 feet in length 
on the assumption that railroad routes through the Southwest will permit trans­
portation of a 90 foot vessel.

Foster Wheeler analyzed several vessels of this type. Figure 3.4-15 shows 
a typical vertical tank for sodium + iron storage with a first guess at the 
arrangement of flow spreaders in the bottom of the tank. It was assumed 
that the iron was in the form of one-half inch balls. Figure 3.4-16 shows a 
typical horizontal configuration considered for containing liquid sodium.

Table 3.4-4 lists the results of the Foster Wheeler analysis. The first 
three tanks are mounted vertically to maintain thermal stratification in the 
thermocline storage system. At 1300 F the tank material is Inconel 625, while 
at 1100 F two materials were investigated -- Incoloy 800 and 316 stainless 
steel. Field installation costs were estimated by Kaiser Engineers for the 
clustering arrangements discussed in Section 3.4.1. Cases 3, 4a, and 4b are 
the liquid sodium tanks and were originally designed by Foster Wheeler for 
150 psig service. Later analysis of the liquid metal system indicated that 
the actual service pressure would be much lower (50 psig) since the tanks op­
erate on the inlet side of the pumps. The costs and weights originally pro­
vided by Foster Wheeler were scaled by the ratio of 50/150, and these are the 
results quoted in Table 3.4-4 for Cases 3, 4a, and 4b. The sodium + iron tank 
design pressure cannot be reduced in Concept 1 (Cases 1, 2a, 2b) because the 
tanks are between the steam generators and a large pump during the storage 
discharge cycle; however, the tanks in Concept 4 can be designed for lower 
pressure (Cases la, 2c).

In Concepts 3 and 4, some of the liquid storage tanks operate at 630 F 
and are constructed from 2-h Cr - 1 Mo. The price of this material (about 
$1.10/lb) is lower than for Inconel 625 or Incoloy 800. To estimate the cost 
of these tanks (Cases 3a, 4c) the material cost of Cases 3 and 4a were reduced 
by the appropriate ratio while the labor and freight costs were left unchanged.

Table 3.4-5 shows how these tank designs were combined to form storage 
systems Concepts 1 through 4. This table shows the type, number, and size of 
the tanks used, as well as the volumes and weights of the tanks, sodium, and 
iron. The cost for tanks, installation, and storage media is also listed.
The breakdown of these costs is detailed in Table 3.4-6.

Field assembled tank costs are also given in Table 3.4-5; these costs are 
from the analysis by Kaiser Engineers, which is discussed in the next section. 
Based on these cost results, we concluded that factory assembled tanks are not 
cost effective for storing liquid sodium. This is principally because of the 
high field cost associated with installing a large number of separate tank units. 
For the sodium + iron cases, however, the number of tanks is smaller, and the 
factory assembled approach does seem to offer a saving.
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CENTER SUPPORT

2" THICK FLAT - 
PERFORATED PLATE

1" THICK 
GUSSETS 
(8 REQUIRED)DIAMETER

8" NOZZLE

THICKNESS

ALTERNATE PERFORATED 
PLATE AND SUPPORT DESIGN

C" ALUMINUM-WRAPPED 
KAOWOOL INSULATION 
(FIELD INSTALLED)

"B" THICKNESS

2" THICK PERFORATED PLATE 
(3/4" DIAMETER HOLES ON A 1-1/2 A 
PITCH)

1" THICK SKIRT

1" THICK x 6" WIDE BASE 
(FIELD INSTALLED)

THICKNESS 8" NOZZLE

Figure 3.4-15. Typical Factory Assembled Vertical Storage Tank

3-89



3-90

"C" ALUMINUM-WRAPPED KAOWOOL 
INSULATION (FIELD INSTALLED)

B" THICKNESS
THICKNESS

13'0"
DIAMETER1" THICK

4 SUPPORTS REQUIRED 
(FIELD INSTALLED)

Figure 3.4-16. Typical Factory Assembled Horizontal Storage Tank
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Table 3.4-4
FACTORY ASSEMBLED TANK COSTS

Case No.: i 2a 2b 3 4a 4b 3a 4c la 2c

Storage Medium Na+Fe Na+Fe Na+Fe Na Na Na Na Na Na+Fe Na+Fe
Nominal Temperature (°F) 1300 1100 1100 1300 1100 1100 630 630 1300 1100
Design Pressure (psig) 150 150 150 50 50 50 50 50 50 50

Volume of Tank (ft^) 9902 9900 9900 9210 9905 9905 9210 9905 9902 9900
Orientation Vertical Vertical Vertical Horizontal Horizontal Horizontal Horizontal Horizontal Vertical Vertical
Material Inconel 625 Incoloy 800 SS316 Inconel 625 Incoloy 800 SS316H 2-i Cr-1 Mo 2-i Cr-1 Mo Inconel 625 Incoloy 800
Dimensions A (in.) 0.50 0.45 0.50 0.17 0.15 0.17 0.17 0.15 0.17 0.15

B (in.) 1.00 0.90 1 .00 0.33 0.30 0.33 0.33 0.30 0.33 0.30
C (in.) 16.00 10.00 10.00 16.00 10.00 10.00 10.00 10.00 16.00 10.00
H (ft) 67.83 67.62 67.83 62.48 67.66 67.85 62.48 67.66 67.83 67.72

Weight Empty (lb) 144,072 132,672 144,072 46,344 45,599 49,390 46,344 45,599 48,024 44,224

Material Cost3 ($) 803,503 330,352 217,417 254,566 111,470 69,367 51 ,006e 50,253f 267,8349 11 0,11 79

Labor Cost^ ($) 91,311 91,477 85,862 18,257 19,504 17,450 18,257 19,504 30,4379 30.4929

Freight Cost0 ($) 1 ,441 1,327 1 ,440 463 456 494 463 456 4809 4429

Total Cost-FOB ($) 896,255 423,155 304,719 273,286 131 ,430 87,311 69,726 70,213 298,751 141,051

Field Installation'5 ($) 239,000 239,000 239,000 213,500 213,500 213,500 213,500 213,500 239,000 239,000

aMetal only, no insulation included. eScaled from Case 3 by ratio of costs for 2-i Cr-1 Mo vs. Inconel 625
^Factory labor only, no installation included. (1.10/5.49)

f
cNortheast to Southwest United States by rail.
^Includes unloading from rail cars, foundations and supports, 
trace heating, insulation, and filling with iron balls; assumes 
tanks are mounted in groups of four as shown in Figure 3.4-15.

Scaled from Case 4a by ratio of costs for 2-| Cr - 1 Mo 
vs. Incoloy 800 (1.10/2.44).

^Scaled from Cases 1 and 2a by ratio of pressures (50/150).
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Table 3.4-5

FIELD ASSEMBLED VS. FACTORY ASSEMBLED STORAGE VESSELS

Concept
Temperature

CF)

Volume of 
Storage 
Medium 
(ft3)

Storage
Assem

Field8

Vessels 
bled in

Factory k

Number
of

Tanks
Required

Tank Description

Shape Size c (ft)

Unit
Tank Volume 

(ft3)

Total Volume 
of Tanks 

(ft3)
Tank

Material

We
Tanks

ghts (Ton

Sodium
s)

Iron
Cost d

(MS) Comments

Concept 1 1300 72,000
Vila 1 Cyl. 40 D x 78 L 79,403 79,403 1-625 495 495 13,443 27.473 75^ Volume Steel

25’! Volume Sodium

All Tanks Mounted
Vertically

VI lb 2 Cyl . 32 D x 62 L 40,235 80,470 1-625 500 495 13,443 29.004

Sodium + Iron 
Thermocline

Design
Pressure: 150 psig

1 8 Cyl . 13 D x 81 L 9,902 79,216 1-625 576 495 13,443 21.507

1100 108,000

1 la 1 Cyl. 45.5 D x 90.3 L 119,696 119.696 1-800 630 742 20,165 33.985

lib 2 Cyl. 35.7 D x 71.5 L 58,313 116,626 1-800 624 742 20,165 32.385

2a 12 Cyl. 13 D x 80.6 L 9,900 118,800 1-800 796 742 20,165 26.584

2b 12 Cyl. 13 D x 80.8 L 9,900 118.800 SS316 864 742 20,165 25.163

Concept 2

Sodium in
Hot/Cold Tanks
Design
Pressure: 50 psig

1300 276,300 Va 5 Sphere 51 .2 D 69,075 345,375 1-625 600 6,907 - 19.204 One Tank Empty

3 36 Cyl. 13 D x 75.5 L 9,210 331,560 1-625 834 6,907 - 22,033 Group of 6 Empty

1100 416,000
IVa 5 Sphere 58.7 0 104,000 520,000 1-800 760 10,400 - 20.634 1 Tank Empty

4a 48 Cyl. 13 D x 80.7 L 9,905 475,440 1-800 1094 10,400 -- 23.421 Group of 6 Empty

4b 48 Cyl . 13 D x 80.9 L 9,905 475,440 SS316 1186 10,400 -- 21.303 Group of 6 Empty

Concept 3
Sodium in
Separate Hot 
and Cold Tanks
Design
Pressure: 50 psig

1300 276,300
Va + Vc 4 Hot

4 Cold
Sphere 51.2 D 69,075 552,600 Hot 1-625

Cold AS
1200 6,907 21.575

3, 3a 30 Hot
30 Cold

Cyl. 13 D x 75,5 L 9,210 552,600 Hot 1-625
Cold AS

1390 6,907 27.659

1100 416,000
IVa + IVc 4 Hot

4 Cold
Sphere 58.7 0 104,000 832,000 Hot 1-800

Cold AS
1216 10,400 -- 25.104

4a, 4c 42 Hot
42 Cold

Cyl. 13 D x 80.7 L 9,905 832,020 Hot 1-800
Cold AS

1915 10,400 33,267

Concept 4
Hybrid of
Concepts 1 and 3
Design
Pressure:

50 psig (Na)
150 psig (Na+Fe)

1300 140,100
Vd + Ve 1 Hot

1 Cold
Sphere 56.4 D 92,100

243,612 Hot 1-625
Cold AS

464 2,632 8,962 18.310

Sodium Tanks are Field
Assembled, Sodium + Iron
Tanks Are Factory Assembled

la 6 Cyl. 13 D x 81 L 9,902

1100 210,700 IVd + IVe 1 Hot
1 Cold Sphere 64.6 0 138,700 356,600 Hot 1-800 581 3,961 13,443 23.487

Sodium lanks are Field
Assembled, Sodium + Iron
Tanks Are Factory Assembled8 Cyl . 13 D x 30.6 L 9,900 j Cold AS

(c) D = outside diameter for spheres and cylinoers 
L = overall length for cylinders

(d) Includes materials, labor, tax, indirect costs, 
and freight charges for tanks, sodium, and iron,

(a) Numbers refer to Kaiser Engineers cases, Section 3.4.3.

(b) Numbers refer to Foster Wheeler cases. Section 3.4.2,

Note:
1-625 = Inconel 625 
AS = A1Icy Steel 
1-800 = Incoloy 800
SS316 * Stainless Steel 316

G
EN

ER
A

L m
&

) ELEC
TR

IC



3-93

Table 3.4-6

FACTORY ASSEMBLED STORAGE TANKS SYSTEM COST SUMMARY

Concept : J_ 1 1 2

Tank Type 1 2a 2b 3

No. of Tanks (Hot) 8 12 12 36

(Cold) - - - -

Factory Cost'a ($) 7,170,040 5,077,860 3,656,628 9,838,296

Instal1ation ($) 1 ,912,000 2,868,000 2,868,000 7,686,000

Iron Ballsb ($) 12,098,700 18,148,500 18,148,500 -

Sodium0 ($) 326,700 489,720 489 ,720 4,558,950

Total ($) 21 ,507 ,440 26,584,080 25,162,848 22,083,246

2 2 3 3 4 4

4a 4b 3,3a 4a ,4c 1 a 2c

48 48 30 42 6 8

- - 30 42 - -

6,308,640 4,190,928 10,290,360 8,469,006 1 ,792,506 1 ,128,408

10,248,000 10,248,000 12.810,000 17,934,000 1 ,434,000 1 ,912,000

- - - - 8,065,800 12,098,700

6,864,000 6,864,000 4,558,620 6,864,000 217,800 326,480

23,420,640 21 ,302,928 27,658,980 33,267,006 11 ,510,106 15,465,588

Field Assembled Case No.: Vd & Ve IVd & IVe

Cost of Field Assembled Tanks ($): 5,279,907 5,733,958
Sodium in Field Assembled Tanks ($): 1 ,519,650 2,228,000

Total ($): 18,309,663 23,487,546

aFOB at job site in Southwest. 

^Low carbon steel at $0.45/lb. 

cBulk sodium at $0.33/lb.
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3.4.3 FIELD ASSEMBLED VESSEL ANALYSIS

A set of field assembled storage vessels was designed in accordance with 
Section VIII, Division I (Pressure Vessels) of the ASME Boiler and Pressure 
Vessel Code.

Results of the design analysis are summarized in Table 3.4-7. A spheri­
cal shape was chosen to minimize materials cost for the sodium-only case.

Results of the cost analysis are summarized in Table 3.4-8 through 3.4-13. 
Detailed cost sheets are contained in Appendix G.

These analyses were originally performed only for Concepts 1 and 2. To 
obtain cost estimates for Concepts 3 and 4, these figures were scaled as dis­
cussed in Appendix G; the scaled results are presented in Tables 3.4-14 through 
3.4-17.

Basis and Assumptions

1. The vessels were designed in accordance with Section VIII, Division I 
(Pressure Vessels) of the ASME Boiler and Pressure Vessel Code; design 
pressure = 150 psig.

2. All welds will receive 100% radiography; welds are full penetration 
type; Code formula "E"; joint efficiency = 1.0.

3. No corrosion allowance was made, but wall thickness was rounded off 
to the next highest one-sixteenth inch.

4. No allowance was made for manufacturer's tolerance in plate thickness.

5. Tank heads are hemispherical.

6. The void space in a static bulk volume of balls is 25 percent.

7. Allowable stress levels per ASME Code Section VIII, Code Case 1325, 
for Incoloy 800 are 13,000 psi at 1100 F, and 2000 psf at 1300 F; 
for Incoloy 800 H, 9400 psi at 1100 F and 4600 psi at 1300 F.

8. Density of Incoloy 800 is 0.287 pounds/cubic inch = 495 pounds/cubic 
foot.

9. Density of liquid sodium at 1100 F is 50 pounds/cubic foot. Density 
of sodium at 1300 F is 48.92 pounds/cubic foot.

10. Incoloy 625 density is 0.305 pounds/cubic inch = 527.5 pounds/cubic 
foot, Incoloy 617 is 0.302 pounds/cubic inch = 522.34 pounds/cubic 
foot; 625 "S" at 1100 F = 19,300 psi and, at 1300 F, "S" = 11,700 
psi (ASME Code Case 1409).
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Table 3.4-7 
SODIUM STORAGE TANKS

Case
Number

Unit
(ft3)

Number
of

Vessels Shape Contents
Design 

(°F) Material

Wall
Thickness 

(in.)

Vessel
Weight

(lb)
Diameter

(ft)

la 79,214 1 Cylinder with 
Hemisphere
Heads

Na-Fe 1300 Incoloy
800

8-15/16 head 
18-1/2 cylinder

5.70x1 06 42' 4-1/8"

lb 79,214 1 Cylinder with
Hemisphere
Heads

Na-Fe 1300 Incoloy
800H

3-15/16
7-7/8

2.40x1 06 40' 6-7/8"

Ic 39,629 2 Cylinder with 
Hemisphere
Heads

Na-Fe 1300 Incoloy
800

7-1/8
14-11/16

2.86x1 06 33' 7-3/8"

Id 39,629 2 Cylinder with 
Hemisphere
Heads

Na-Fe 1300 800H 3-1/8
6-1/4

1 .20xl06 32'

Ila 119,282 1 Cylinder with
Hemisphere
Heads

Na-Fe 1100 Incoloy
800

1-9/16
3-3/16

1.2562x106 45 
90'3

' 6-3/8"
" Overall 

Length
lib 59,392 2 Cylinder with 

Hemisphere
Heads

Na-Fe 1100 Incoloy
800

1- 1/4
2- 1/2

0.623x106 35' 8"
7116" Overal1 

Length
Ilia 69,074 5 Sphere Na 1300 800 11-9/16 4.032x10^ 53'
Illb 69,074 5 Sphere Na 1300 800H 5 1 .707x106 52'
IVa 103,626 5 Sphere Na 1100 800 2-11/16 0.304x106 59'
Va 69,074 5 Sphere Na 1300 Inconel

625
2-11/16 0.240x106 51 '

Vila 79,214 1 Cylinder with 
Hemisphere
Heads

Na-Fe 1300 Inconel
625

1-9/16 Head 
3-1/16

0.99x1 06
78'

40'
Overal1 
Length

Vllb 39,629 2 Cylinder with 
Hemisphere
Heads

Na-Fe 1300 Inconel
625

1- 1/4
2- 7/8

0.50x106
62'

32'
Overal1 
Length

Note: L = 2D for cylinder

G
EN

ER
A

L 
E

L
E

C
T

R
IC



GENERAL ELECTRIC

Table 3.4-8
STORAGE DATA -

Design Pressure 
Design Temperature 
Shape
Total Tankage Volume
Number of Vessels
Contents
Material
Wall Thickness
Vessel Weight
Sodium Weight (lb)
Steel Balls (lb)
Diameter
Length
Insulation Type
Insulation Thickness
Tank Cost (including steel balls)
Sodium Cost
Total Cost

CASE Ila, CONCEPT 1

150 psig 
1100 F
Cylinder with Hemispherical Head 
119,696 ft3 

1

Sodium-Iron 
Incoloy 800 
3-3/16"
1 .256 x 106 lb 
1.48 x 106 lb 
40.33 x 106 lb 

45' 6-3/8"
90'3"
Kaylo 10 
12"
$ 33,495,000 
$ 489,720
$ 33,984,720
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Table 3.4-9
STORAGE DATA - CASE lib, CONCEPT 1

Design Pressure 
Design Temperature 
Shape
Total Tankage Volume
Number of Vessels
Contents
Material
Wall Thickness
Vessel Weight
Sodium Weight
Steel Balls
Diameter
Length
Insulation Type
Insulation Thickness
Tank Cost (including steel balls)
Sodium Cost
Total Cost

150 psig 
1100 F
Cylinder with Hemispherical Head 
59,392 ft3 

2

Sodium-Iron 
Incoloy 800 
2-1/2"

0.623 x 106 lb 
0.74 x 106 lb 
20.17 x 106 lb 

OS'S"
71 '6"
Kaylo 10 
12"

$ 31,895,700 
$ 489,720
$ 32,385,420
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Table 3.4-10
STORAGE DATA - CASE IVa, CONCEPT 2

Design Pressure 
Design Temperature 
Shape
Total Tankage Volume
Number of Vessels
Contents
Material
Wall Thickness
Vessel Weight
Sodium Weight
Steel Balls
Diameter
Length
Insulation Type 
Insulation Thickness 
Tank Cost 
Sodium Cost 
Total Cost

50 psig 
1100 F 
Sphere 
103,626 ft3 

5
Sodium 
Incoloy 800 
2-11/16"
0.304 x 106 lb 
5.200 x 106 lb

59'

Kaylo 10 
12"

$ 13,769,800 
$ 6,864,000 
$ 20,633,800
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Table 3.4-11
STORAGE DATA - CASE Va, CONCEPT 2

Design Pressure 
Design Temperature 
Shape
Total Tankage Volume
Number of Vessels
Contents
Material
Wall Thickness
Vessel Weight
Sodium Weight
Steel Balls
Diameter
Length
Insulation Type 
Insulation Thickness 
Tank Cost 
Sodium 
Total Cost

50 psig 
1300 F 
Sphere 
69,074 ft3 

5
Sodium 
Inconel 625 
2"

0.240 x 106 lb 
3.454 x 106 lb

51 1

Kaylo 10 
12"

$ 14,645,200 
$ 4,558,950 
$ 19,204,150
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Table 3.4-12
STORAGE DATA - CASE Vila, CONCEPT 1

Design Pressure 
Design Temperature 
Shape
Total Tankage Volume
Number of Vessels
Contents
Material
Wall Thickness
Vessel Weight
Sodium Weight
Steel Balls
Diameter
Length
Insulation Type
Insulation Thickness
Tank Cost (including steel balls)
Sodium Cost
Total Cost

150 psig 
1300 F
Cylinder with Hemispherical Head 
79,214 ft3 

1

Sodium-Iron 
Inconel 625 
3-1/16"
0.99 x 106 lb 
0.99 x 106 lb 
26.89 x 106 lb 

40'
78'
Kaylo 10 
12"

$ 27,146,100 
$ 326,700
$ 27,472,800
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Table 3.4-13
STORAGE DATA -

Design Pressure 
Design Temperature 
Shape
Total Tankage Volume
Number of Vessels
Contents
Material
Wall Thickness
Vessel Weight
Sodium Weight
Steel Balls
Diameter
Length
Insulation Type
Insulation Thickness
Tank Cost (including steel balls)
Sodium Cost
Total Cost

CASE Vllb, CONCEPT 1

150 psig 
1300 F
Cylinder with Hemispherical Head 
39,629 ft3 

2

Sodium-Iron 
Inconel 625 
2-7/8"
0.50 x 106 lb 
0.50 x 106 lb 
13.45 x 106 lb 

32'
62'
Kaylo 10 
12"

$ 28,677,600 
$ 326,700
$ 29,004,300
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Design Pressure

Table 3.4-14
STORAGE DATA, CONCEPT 3

Case IVa
50 psi

Case IVc*
50 psi

Design Temperature 1100 F 630 F
Shape Sphere Sphere
Volume 103,626 ft3 103,626 ft3

Number of Vessels 4 4
Contents Sodiurn Sodium
Material Incoloy 800 2-1/4 Cr - 1 Mo
Diameter 59' 59'
Tank Cost $ 11 ,015,840 $ 7,224,124
Sodium Cost $ 6,864,000 -
Total Cost $25,103, 964

*Costs scaled from

Design Pressure

Case IVa.

Table 3.4-15
STORAGE DATA, CONCEPT 3

Case Va
50 psi

Case Vc*
50 psi

Design Temperature 1300 F 630 F
Shape Sphere Sphere
Volume 69,074 ft3 69,0743

Number of Vessels 4 4
Contents Sodium Sodiurn
Material Inconel 625 2-1/4 Cr - 1 Mo
Diameter 51' 511
Tank Cost $ 11 ,716,000 $ 5,299,752
Sodium Cost $ 4,558,950 -

Total Cost $21,574,702

*Costs scaled from Case Va
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Table 3.4-16
STORAGE DATA, CONCEPT 4

Case IVd Case IVe
Design Pressure 50 psi 50 psi
Design Temperature 1100 F 630 F
Shape Sphere Sphere
Volume 138,700 ft3 138,700 ft3

Number of Vessels 1 1

Contents Sodium Sodiurn
Material Incoloy 800 2-1/4 Cr - 1 Mo
Diameter 64.6' 64.6'
Tank Cost $ 3,499,329 $ 2,234,629
Sodium Cost $ 2,288,000 -
Total Cost $ 8,021 ,958

Cost of Factory Assembled $17,722,420
Na + Fe Tanks

Total Cost $25,744,378

Table 3.4-17
STORAGE DATA, CONCEPT 4

Case Vd Case Ve
Design Pressure 50 psi 50 psi
Design Temperature 1300 F 630 F
Shape Sphere Sphere
Vol ume 92,100 ft3 92,100 ft3

Number of Vessels 1 1

Contents Sodiurn Sodium
Material Inconel 625 2-1/4 Cr - 1 Mo
Diameter 56.4' 56.4'
Tank Cost $ 3,638,039 $ 1,641,368
Sodium Cost $ 1,519,650 -

Total Cost

Cost of Factory Assembled 
Na + Fe Tanks

Total Cost

$ 6,799,557 

$15,095,1 30

$21,894,687
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3.4.4 PIPING AND VALVE REQUIREMENTS 

Piping

Piping sketches for Concepts 1, 2, 3, and 4 are shown in Figures 3.4-17 
through 3.4-21. Tables of pipe lengths, fittings, and valves associated with 
each concept exclusive of the tower were developed. A summary of pipe length, 
valves, and fittings is shown in Table 3.4-18.

Table 3.4-18
PIPE, VALVE, AND FITTING SUMMARY

Concept Pipe Length (ft) Number of Fittings Valves

1 1195 57 3
2 2175 84 13
3 1305 59 5
4 1755 78 7

The general piping and valve requirements considered in this analysis
are specified below.

1. Applicable Codes: ASME Section VIII and ANSI-B31.3 Power Piping Code

2. Valves, piping, and fittings to be trace heated for Na temperature main­
tenance of >350 F

3. Valves, piping, and fittings to be insulated and covered for weather/ 
moisture protection to minimize heat loss

4. Design pressure of piping <130 psi in ground loops, 300 psi at base of 
tower for riser and downcomer piping

5. Flow velocity to be maintained below 25 feet/second

6. Piping/fitting material - 316SS where temperatures exceed 1000 F;
2-1/4 Cr-1 Mo or CS for low temperature regions (<700 F)

Valves

Several large sodium valves are required, the specific quantity depend­
ing on the concept selected. Concept 1 requires at least two large 16- or 
24-inch sodium valves. Primary regulation of flow would be accomplished by 
the EM pump. Concept 2 requires the greatest number of valves (at least four 
in the hot leg and seven in the cold leg). The use of factory fabricated 
tanks may increase the valve requirements. Grouping tanks together can re­
duce the use of valves. At least four large sodium valves would be used with 
Concept 3 (two in the hot leg and two in the cold leg).

Sodium valves require a special seal at the stem to prevent leakage of 
sodium to the atmosphere. This is commonly done by use of a bellows. In some 
cases, secondary containment is achieved with a freeze seal. Freeze seal

3-104



GENERAL® ELECTRIC

development has been in progress for first line containment. Bellows seals are, 
however, now recommended because of their widespread use and acceptability.

No 18-inch, 20-inch or 24-inch sodium isolation valves are known to have 
been built, although check valves of this size are being built by Foster Wheeler 
for the Clinch River Plant.

The reliability of sodium valves is inherently lower than that of water/ 
steam valves of comparable size. This is particularly true where regulation 
is required. Sodium valving should therefore be kept to a minimum wherever 
unless redundancy is feasible. Concepts 1 and 3 have a decided advantage over 
Concept 2 when considering the number of sodium valves required.

Trace Heating

The liquid metal loop valves and containment vessels require electrical 
trace heating so that tanks and piping can be preheated prior to filling and 
maintained at a minimum temperature of 350 F during standby conditions. It 
is expected that the loops would only be drained during extended downtimes or 
when the removal of sodium was required for maintenance purposes.

Tubular resistance heaters are commonly applied to piping. In most cases 
a single heater is considered sufficient. A run of ^17 feet can be accommodated 
by a single trace heater mounted along or close to the bottom of the pipe. If 
a double run is necessary, the heaters could be spaced 60° to 90° apart, di­
viding the vertical centerline of the pipe as shown in Figure 3.4-22. The most 
effective but most costly method of application uses an annulus around the pipe 
in which the heater is placed near the bottom and the heat is transferred 
around the annulus to the entire pipe circumference. The heater also provides 
for sodium-to-gas leak detection. The more conventional method is to install 
the tubular heater on the pipe wall and support it along its entire length 
with a tack-welded sheath as shown in Figure 3.4-22. Tubular heaters of this 
type are designed for 375 watts/linear foot and are normally operated at 
^125 watts/linear foot to assure long life.

Trace heating on tanks can be applied several ways. The spacing between 
heater strips is dependent on tank volume, wall thickness, and temperature re­
quirements. Tanks with a two-inch wall may have a heater spacing of up to 
48 inches. A tank with a one-inch wall may have a spacing of 32 inches. Typ­
ical applications are shown in Figure 3.4-23.

Thermocouples can be placed near the heaters to verify heater operation 
and surface temperature. A spacing of >20 feet is typical in piping.
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Figure 3.4-19. Piping Layout - Storage Concept 2a
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TUBULAR STRIP HEATERS
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HEATING
BLANKET

Figure 3.4-22. Trace Heating on Piping
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3.4.5 STORAGE PERFORMANCE ANALYSIS 

Insulation Losses From Storage

The system will cycle each day, and, during periods of maintenance or ex­
tended cloud cover, downtime may last several days. Nominal storage time is 
assumed to be 12 hours. For purposes of the parametric study, storage time of 
24 hours was used, and an acceptable energy loss of less than one percent was 
set as an objective; this translates into a loss of less than 6°F for the 1300°F 
cases.

A series of calculations was performed to determine the energy loss and 
associated insulation thickness requirements for the various tank configurations. 
The surface temperature of the insulation was to be maintained at or below the 
140°F OSHA standard. The equations used were as follows:

temperature of surface T$ =
TA (hC + V + 6 TNa ,0

(hC + V +
(°F) (3.4-1)

where hc = MgllVp) °-5° 0 + 0.000576t) where t ,

do

hR = a e [(Ts + 460)2 + (TA + 460)2] [Ts + TA + 920]

energy loss Q + y A$ (T^a - Ts) (Btu/hr) 

temperature loss, AT = (°F/hr)

(3.4-2)

(3.4-3)

where K 

TNa
ta

6

V

P
do

E
a
M

cp

thermal conductivity of insulation (Btu ft/hr2 °F)

temperature of sodium inside tank (°F)
ambient air temperature (°F)
insulation thickness (ft)
air velocity (ft/hr)
air density (lb/ft^)
tank OD
surface emissivity (0.04 aluminium, 0.90 plaster)
Stefan Boltzmann constant
mass of tank and contents (lbs)
specific heat of tank and contents
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Energy loss calculations were made for outside temperatures (T/\) of 0,
32, 65, and 100 F; wind velocities of 0, 8, 40, and 100 mph were used. A sum­
mary of the data for the 8 mph and 40 mph, 65 F condition for 1300 F (1260 F 
sodium temperature) field fabricated tanks is contained in Table 3.4-19. Alu­
minum and plaster/fiber wrapped insulation were considered. The temperature 
drop was found to be about 100 percent higher for the plaster/fiber wrap vs. 
the aluminum. Aluminum or steel also provides a more durable surface for out­
side application, and, even though initial capital costs are somewhat higher, 
the aluminum wrapped jacket was determined to be the most cost effective. Re­
sults show that the use of 15 or more inches of good quality insulation will 
keep losses within acceptable limits.

Insulation Requirements and Selection

There are many insulations available for piping and tankage. Requirements 
established for the Advanced Central Receiver System application are as follows:

• Application temperature: <1100 F, <1300 F
• Thermal conductivity: <1.0 Btu-in./ft2-hr-°F at mean temperature 

of 700 F
• Compatible (corrosion, chemical) with 2-1/4 Cr - 1 Mo, 316SS,

Incoloy 800, and Inconel 625 containing sodium
• Minimum sag, separation, and settling
• Unaffected by water/moisture
• Suitable for piping and unusual shapes
Five typical insulation materials have been identified:

Kaylo 10 (calcium silicate) <1200 F, Owens Corning 
Kaowool (alumina silicate) <2300 F, Babcock & Wilcox 
Thermo-12 (calcium silicate) <1500 F, Johns-Manville 
Thermal (glass wool) <1000 F, Owens Corning 
Holmes Hill Block (mineral fiber) <1900 F, Babcock & Wilcox

The thermal conductivities of these insulations at mean temperatures of 
400, 600, and 800 F are given in Table 3.4-20. Comparative vendor supplied 
cost data is also provided. Costs have been normalized to account for the 
differences in thermal conductivity.

The calcium silicate insulations are candidates and should be used for 
high temperature applications not exceeding 1200°F (the exception being Thermo-12). 
Kaylo 10 is a candidate for applications where semi-rigid or rigid insulation 
can be accepted. Kaylo 10 is not manufactured in blanket form, but it can be 
purchased in scored block form when large pipes (>36-inch 0D) and vessels are 
to be insulated.

Thermo-12 is also a calcium silicate insulation and is rated at a use tem­
perature of up to 1500°F. According to the technical data, it has a very low 
thermal conductivity even at the high temperatures. It is now available in 
scored block and can be purchased with or without an aluminum or stainless steel 
jacket.

3-113



GENERAL ms) ELECTRIC

Table 3.4-19
ENERGY LOSS SUMMARY FOR 8 mph and 40 mph. 65 F

*b = 15.8 INC HES * 6 = 6 INCHES

CONCEPT 1 
1300°F

he + Hr
Ts'
°F

Q'xlO6
Btu/Hr

AT'
°F/Hr

Ts"
°F

Q"x106 
Btu/Hr

AT"
°F/Hr

Wind
Vel.

A 0.930
P 2.000

137.4
99.8

0.938
0.970

0.19
0.20

250
159

2.392
2.607

0.48
0.52

81V PH

CONCEPT 2 A 0.930
P 2.000

137.4
99.8

0.710
0.740

0.62
0.65

250
159

1.810
1.980

1.59
1.74

CONCEPT 1 
1300°F

A 1.303
P 2.373

117.6
94.5

0.955
0.974

0.19
0.20

203
145

2.503
2.640

0.50
0.53

40M

'

PH

<
CONCEPT 2 
1300°F

A 1.303
P 2.373

117.6
94.5

0.730
0.740

0.64
0.65

203
145

1.900
2.010

1.67
1.76

* b = INSULATION THICKNESS
A = ALUMINUM WRAPPED INSULATION
P = PLASTER/FIBER WRAPPED INSULATION
INSULATION - KAOWOOL DENSITY 8#, K = .08333 AT 1260°F
DATA CALCULATED FOR AN INDIVIDUAL TANK As = 13930 FT2 CONCEPT 1

As = 10527 FT2 CONCEPT 2
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Table 3.4-20
INSULATION COST COMPARABLE DATA

Thermal Conductivity 
at Mean Temp. *Cost Data (1978$)

Btu/h ’ sq ft° F/in Max. Use $/lin.ft 24" Pipe
Type Density 400°F 600°F 800°F Temp. 2" Layer Normalized Costs 

$/lin. ft. Ratio

Kaylo-10 Pipe 12.5pcf .47 .59 %.90 1200°F = $12.85 $19.40 1.06
Block 12.5pcf .47 .59 -x-.go 1200°F 2.5x7.37 =■ $18.42 $27.81 1.52

Thermal Type 1 NA .76 NA 1000°F 0.08x7.37 = $ 0.59 •

Wool Type 2 NA .48 .78 - I000°F 0.144x7.37 = $ 1.06 $ 2.12 .12

Thermo-12 Pipe
Block

13pcf
?

.48 .57 -V..72 1500°F
1500°F

=; $13.00 
1.61x7.37 = $11.87

$18.98
$17.33

1.03
.94

Kaowool Blanket 4pcf .35 .50 .72 2300°F 1.31/ft2x7.37= $ 9.65 $12.35 0.67
Blanket 6pcf .30 .44 .62 23C0°F 1.82/ft2x7.37= $13.41 $15.15 0.83
Blanket 8pcf .27 .39 .53 2300°F 2.49/ft2x7.37= $18.35 $18.31 1.0

Block 14-18pcf .40 .48 .57 2300°F 8.28/ft2x7.37= $61.02 $75.05 4.09

Holmes Hill Block 
(Mineral Fiber)

13-17pcf .50 .60 .74 1900°F 1.40/ft2x7.37= $10.32 $15.89 0.87

* Price based on high volume order
** Normalized $ based on equivalent thermal conductivity at 600°F

Ratio based on Kaowool 8 pcf blanket = 1.0
2

Note: Aluminum metal jacket cost ^$0.38 per ft , 'v.3.00 per linear ft of 24" pipe.
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An alternative high temperature insulation which can be purchased in blanket 
form and also in molded shapes is an alumina silicate called Kaowool. The ad­
vantage of this insulation is that in blanket form it lends itself readily to 
curved surfaces. A few years ago, it principal disadvantage was its high cost-- 
about 2 to 3 times the cost of the calcium silicates such as Kaylo 10. However, 
due to supply and demand, the cost of Kaowool blanket has been reduced in the 
past year; it is now less expensive than Kaylo 10. The maximum blanket thick­
ness available is two inches, and several layers would be required for the Ad­
vanced Central Receiver System. The alumina silicates have a very low thermal 
conductivity; an eight-pound-density blanket provides ^0.5 Btu/in./hr/ft^-op at 
a mean temperature of 700 F (mean temperature is the midpoint between the in­
side pipe and insulation outer surface, e.g. 1250 F inside, 140 F outside - 
700 F mean temperature).

Kaowool can also be purchased in block or molded block form. The molded 
block form is used for wrapping valves and tees. The maximum available cast/ 
molded thickness is four inches, although if large volumes were foreseen the 
company would modify its equipment to handle the larger sizes. The company 
suggests using the ceramic fiber blanket for this application. The blanket 
could be wrapped around the pipe and unusual shapes and held in place by bands 
and/or metal jackets. The blanket would have lower cost than a vacuum cast 
sleeve.

In terms of material cost, Kaowool 4-pcf blanket appears to be quite cost 
effective. However, it is a very light material compared to the molded block 
material such as Kaylo 10 and Thermo 12 and therefore may be more susceptible 
to crushing.

Thermal Wool is listed as a candidate because of its low cost. Thermal 
Wool Type II blanket would be suitable for the low temperature vessels and in 
the outer layers of insulation for high temperature applications. Thermal Wool 
is a fiberglass insulation whose bonding material will maintain bond strength 
up to 1000 F. Its thermal conductivity increases rapidly with temperature. 
However, at the lower temperatures associated with the cold leg (^630 F), the 
mean temperature would be <400 F and Thermal Wool Type II conductivities would 
be less than 0.50 Btu/hr-ft^-OF/in. Its low cost (nearly an order of magnitude 
lower) and low thermal conductivity at the cold leg temperatures offers consider­
able economic advantages.

Typical insulation applications are shown in Figure 3.4-24. Maximum batt 
or roll thickness of Type II Thermal Wool is three inches.

Holmes Hill Block, manufactured by Babcock & Wilcox, was included in the 
list of candidates to show the cost and applicability of relatively low cost 
block type insulation. It has application at high temperatures up to 1900 F 
but due to its outgassing and potential flammability and the irritability of 
its water repellent additive, its use is not recommended for this application.

Conclusions. The following conclusions were reached regarding the insulation 
requirements and selection:

1. Block and molded insulation is generally two to three times as costly 
as blanket material.

2. Blanket material is well suited to pipe and tank insulation; however, 
multiple layers will require supports/stand-offs.
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STAND-OFFS

ALUMINUM
JACKET

3 3-in. LAYERS 
OF THERMAL WOOL 
TYPE II

2-in. KAOWOOL BLANKET

2 3-in. LAYERS OF 
THERMAL WOOL-TYPE II

CORRUGATED 
ALUMINUM ~~-< 

SHEET

2 3-in. LAYERS" 
THERMAL WOOL

KAOWOOL
BLANKET

\
TANK WALL

Figure 3.4-24. Insulation Application (Pipes and Vessel Walls)
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3. Thermo-12 molded insulation is reasonable in cost; however, where 
multiple layers are required on the large pipes, scored block material 
may be necessary.

4. Use of Thermal Wool fiberglass has considerable cost saving potential. 
An inner layer of high temperature insulation such as Kaowool could be 
used in conjunction with the Thermal Wool Type II.

5. It is more economical to wrap valves and fittings with a blanket in­
sulation rather than the vacuum molded type.

Recommendation. Wherever possible, use Thermal Wool (up to 1000 F) at a cost 
of ^$0.15/square foot. Where a higher temperature blanket is required, Kaowool 
can be used at a cost of ^$1.30 to $2.50/square foot. An aluminum jacket would 
be installed around all insulation at a material cost of ^$0.38/square foot.

Thermocline Losses in Sodiurn-Iron Storage

To estimate thermocline losses of Concepts 1 and 4, the tank outlet tem­
perature was approximated by the curve in Figure 3.4-25. The steam cycle can 
continue to produce power efficiently until the sodium temperature drops to 
T$ = 850 F. Thus, the small shaded triangle in Figure 3.4-25 represents the 
energy in storage which is not recovered due to the thermocline effect. The 
fraction of energy lost is the ratio of the area of this triangle (a) to the 
area (A) between T = T|_ and the thermocline curve. Using the straight line 
approximation and triangle similarity arguments, it can be estimated that

(3.4-4)

Based on the detailed analysis of axial conduction and convection effects 
in thermocline behavior in Appendix F, it was estimated that (2at/t) = 0.174 for 
a typical sodium +/iron storage tank. The fraction of energy lost shown in 
Table 3.4-21 under Conduction and Convection (a/A) is calculated from this es­
timate. In addition, there may also be local turbulence in the sodium flow 
which would also tend to spread the thermocline, At this time there is no model 
for this effect; it has been accounted for here by roughly doubling the convec­
tion and conduction loss estimates.
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APPROXIMATE MODEL

TANK OUTLET 
TEMPERATURE

ACTUAL BEHAVIOR

TIME FROM START OF DISCHARGE CYCLE

Th = PEAK TEMPERATURE

Tl = LOW END TEMPERATURE

Ts = STEAM GENERATOR
CUT-OFF TEMPERATURE

ENERGY IN 
STORAGE (A)

ENERGY NOT 
RECOVERED (a)

t = NOMINAL DISCHARGE 
TIME

Figure 3.4-25. Thermocline Loss Model
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Table 3.4-21
ENERGY LOSSES FROM THERMOCLINE STORAGE

Fraction of Energy Lost [%)

H (°F) tl (°f) Ts (°F)

Conduction 
and Convection 

(a/A) Total*

1260 630 850 1.1 3

1050 630 850 2.4 5

*Includes effect of flow maldistribution
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3.4.6 HEAT EXCHANGER ANALYSIS 

Heat Exchanger Equipment

All sodium heat exchanger modules are of the vertically mounted hockey 
stick type, which uses the hockey stick bend in the pressure vessel to absorb 
differential expansion between individual tubes and the pressure vessel. Fig­
ure 3.4-26 shows an isometric view of the general heat exchanger configuration 
Sodium enters at the top inlet nozzle on the side of the vessel, flows up to 
and through the windows cut in the side of the tube bundle shroud, reverses 
180°, and flows down around the tubes in parallel counterflow with the tubes. 
At the bottom, the sodium exits the tube bundle via a second set of windows in 
the tube bundle shroud and flows out of the module through an outlet nozzle in 
the side of the vessel.

The tube-side flow enters through a nozzle in the lower plenum, passes 
through the tubes, and exits at the top into an outlet plenum and through an 
outlet nozzle. The tubes are supported in the active flow region with drilled 
support plates which are attached firmly to the flow shroud. The tubes are 
arranged in a triangular pitch array with a flow hole drilled between each 
set of three tubes. In addition to holding the tube support plates in posi­
tion, the flow shroud directs the flow in the tube region with a minimum of 
bypass flow. In the hockey stick bend region, slat type tube supports are 
used which allow vertical movement of the tubes for accommodating thermal ex­
pansion, while horizontal movement of the tubes is restrained by the slats.

Special thermal baffles are installed at the tubesheets, these baffles 
consist of several stacked steel plates. They absorb thermal transients in 
the sodium and protect the tubesheet from high stresses induced by rapid ther­
mal transients.

Two percent of the flow is bypassed up through the hockey stick region, 
which is otherwise an inactive heat transfer area, in order to provide a flow 
sweep of the tubesheet region in case a leak develops. This bypass flow exits 
through a bleed vent nozzle in the hockey stick head and passes on into a leak 
detector. Since a leak of high pressure water into sodium produces hydrogen 
and sodium oxides, two types of small leak detectors are used, a hydrogen dif­
fusion tube and an oxygen meter. The main sodium stream leaving the module is 
also monitored with an identical small leak detection system. Large leaks 
(>0.1 pound/second) generate sufficient heat and pressure (hydrogen and steam) 
that the pressure vessel protection system is activated. This consists of a 
rupture disc mounted on the module outlet line close to the outlet nozzle. 
These rupture discs are typically set to rupture at around 350 psi. The re­
lief flow is piped to a reaction products tank where the hydrogen gas is 
vented through a flare stack and burned. The solid and liquid products fall 
into the bottom of the tank.

Sodium-water reactions require costly shutdown and repair. Therefore, 
everything possible is done in the design of steam generators to reduce the 
probability of a leak. The tube and tubesheet materials are of high quality 
vacuum arc remelt (VAR) and electro-slag remelt (ESR) manufacture with com­
plete QA procedures at each step of the process. It is believed that the de­
velopment of tubing material has reached such excellence that through-wall 
leaks have an extremely low probability.
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WATER/STEAM ^ 
OUTLET BLEED VENT

ELBOW SHROUD

SODIUM INLET

SHROUD

SUPPORT RING

SHELL

TUBES

TUBE SUPPORT PLATE

SODIUM OUTLET

INSPECTION OPENINGS

DRAIN

DESIGN SIMILAR TO Al 
MANUFACTURED STEAM 
GENERATORS USED FOR 
CRBRP

t
WATER/STEAM INLET TUBE TO TUBE SHEET 

WELD REDUNDANCY

Figure 3.4-26. Steam Generator Module
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Producing perfect tube welds is more difficult. The tube weld used is de­
tailed in Figure 3.4-26. A tube boss is machined on the back-face of the tube- 
sheet and the tube is butt welded to the boss using an internal bore weld (IBW) 
applied with a specially developed, automatically programed welder. When com­
pleted, each weld is subjected to the most exacting QC procedures . Of major 
importance in this inspection program is a special Picker X-ray tube which in­
serts into the tubesheet hole and takes a 360° image of the weld. The major 
advantage of the IBW weld is the excellent configuration which it provides for 
these X-ray inspections.

But in spite of the high quality possible with the IBW welds and QC pro­
cedures, it is this region of the heat exchanger where most leaks are expected 
to occur. Therefore General Electric has proposed a backup device for the weld. 
After satisfactorily passing inspection, the IBW weld is dressed down at the 
tube 0D to permit the sliding of a short sleeve up over the weld. The sleeve 
is then brazed in place to provide a second leak barrier. This procedure is 
illustrated in Figure 3.4-26. It is expected that such a steam generator de­
sign will be virtually 100 percent leakproof over the life of the plant. This 
is of great importance since a faulty steam generator design can easily prevent 
a plant from providing economical power due to unavailability associated with 
shutdown, leak location, leak repair, damage assessment, and requalification 
of the steam generator module involved.

Steam Generator System Configuration

The steam generator system consists of an evaporator module operating in 
the feedwater recirculation mode with a steam drum, a superheater module which 
superheats the saturated steam from the drum, and a reheater module. Considera­
tion was given to the idea of using a simple, less expensive once-through 
steam generator in place of the separate evaporator and superheater modules. 
However, further study of the plant duty cycle indicated that the once-through 
concept would be very difficult to shut down and restart, whereas the recircu­
lating steam drum can be held in a hot standby mode overnight and is ready to 
be used the next morning. Thermal storage in the steam drum also helps in rid­
ing through turbine transients. Additional steam is always immediately avail­
able through flashing off the drum, whereas the once-through system must acti­
vate a control system and takes time to generate the steam.

The selected steam generator system configuration is illustrated in Fig­
ures 3.4-27 and 3.4-28. Note that ten percent of the flow is removed from the 
steam drum and blown down through regenerative heaters to the condenser where 
it is mixed with condensate and returned. Full flow demineralizers process all 
water leaving the condenser plus the ten percent blow-down flow and return it 
to the steam generator at the highest water quality possible to avoid any water 
chemistry problems in the steam generators which might lead to tube leaks.

The steam generators are supplied with hot sodium from storage (Figures 
3.4-27 and 3.4-28). After extracting the heat from the hot sodium, the sodium is 
returned to cold storage. A large electromagnetic (EM) pump is used to circu­
late the sodium in the steam generator subsystem.

A constant speed recirculation pump is required to maintain flow from the 
steam drum to the higher pressure evaporator inlet. The ratio between the
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STEAM
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Figure 3.4-27. Reference Advanced Central Receiver Power System- 
1100 F System

G
EN

ER
A

L B
 E

L
E

C
T

R
IC



3-125

SODIUM 
SURGE TANK

CENTRAL 
RECEIVER 
NORTH FIELD 
TUBED PANELS

STEAM
TURBINE-

GENERATOR
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ENERGY
REHEATER

SMALL EM PUMPS 
(ONE/PANEL)

MOVEABLE
INSULATION

TOWER
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251.78 H
6.797x 10 MWSUPERHEATERREGENERATIVE 
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10% CLEANUP 
— FLOW TO
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evaporator flow and steam flow from the drum is called the recirculation ratio. 
In this design, a recirculation ratio of 1.15 was used. This means that the 
concentrated impurities in the 15 percent water exiting the evaporator are 
very effectively removed by the 10 percent blow-down flow from the steam drum.
In a once-through steam generator, this water would be fully evaporated and 
the concentrated impurities resulting from the boil off process would be de­
posited on the tube walls.

Intermediate Heat Exchanger (IHX)

The IHX module is identical in all respects to the steam generator modules 
except that the leak detection and large leak protection devices are unnecessary 
since the fluids are both sodium. Leaks in the IHX are of no consequence unless 
the maintenance of the desired sodium inventory becomes a problem in the tower 
loop. Because the operating pressures on both sides of the IHX tubes are low, 
the tube walls can be made thin, resulting in efficient heat transfer since the 
tube wall resistance controls the heat transfer process.

The IHX isolates the storage subsystem and steam generator subsystems from 
the sodium pressure at the tower base. The tube side of the IHX carries the 
tower flow and pressure. Since the tower sodium flows in a closed loop, the 
pump used to circulate the flow must only overcome the loop friction loss and 
the riser/downcomer differential densities. This pump can be placed anywhere 
in the loop. The reference configuration shown in Figures 3.4-27 and 3.4-28 
uses the small EM pumps on the absorber panels as the loop circulation pumps.
A small sodium surge tank on the top of the tower maintains the desired pres­
sure levels.

System Heat Balance

A heat balance was performed on the steam generators to establish the flow 
rate and low end temperature, and the solar multiple was applied to these re­
sults to arrive at the flow rates in the IHX. A heat balance on the IHX then 
yielded the tower flow rates and temperatures. The results of these calcula­
tions are given in Figures 3.4-27 and 3.4-28; the details of the calculation 
are described in Appendix H.

Sizing the Steam Generators

The flow rates and temperatures computed in Appendix H along with the 
material selections from Section 3.3.1 provide all data required to size the 
heat exchanger modules. There were eight modules (two each of evaporator, 
superheater, reheater, and IHX) to design for the parametric analysis. All 
eight designs were studied parametrically to determine where the design limits 
occur. To do this, three tests were applied:

• Minimum cost design
t Overall length limit that can be shipped
# Reasonable or optimum pressure loss (in some instances, system 

dictated pressure loss limits)

The design tool used was a General Electric computer code (STMGEN) which 
determines active tube length once the number of tubes, tubing diameter, tube
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wall thickness, and tube pitch are specified, along with the thermodynamic 
properties of the shell side fluid and tube side fluid as determined by the 
heat balance.

The capital costs of each heat exchanger were obtained by breaking down 
known costs for the steam generator into separate categories covering material 
costs and fabrication/inspection costs. Each separate cost item was given a 
scaling factor to account for sizes larger or smaller than the base case, plus 
adders to allow for the use of thin wall tubing, more expensive material, more 
difficult metal working, and different design pressures on tube and shell side 
The tooling and material handling charges were made proportional to the sum of 
the material costs and the fabrication costs.

Each heat exchanger was analyzed for cost and where possible, the design 
with minimum cost was chosen. In the case of the evaporator, the minimum-cost 
design was too long to be shipped; therefore, the design shown is the maximum 
size that can be shipped. The superheater was constrained to give a tube side 
pressure drop consistent with the system heat balance* at. the same time that the 
tubing was constrained at 0.625 inch OD with 0.109 inch wall. The same size 
tubing was also used on the evaporator. This is considered the minimum prac­
tical tubing diameter that can be internal bore welded. Time and budget did 
not permit a study of larger diameter tubing or alternate design concepts for 
the superheater and evaporator in an attempt to determine if the costs could be 
reduced. Therefore, neither the evaporator nor superheater is necessarily 
fully optimized for cost. The reheater and IHX required larger diameter thin 
wall tubing. Therefore, an extensive parametric study was made for these de­
signs with the result that the reheaters and IHX for both the 1100 F and 1300 F 
systems are close to minimum cost designs. In addition, the tube side pressure 
loss in the reheater was constrained to that dictated by the turbine. The line 
losses between the turbine and reheater were assumed to be 20 psi, leaving 
31 psi across the reheater. The tube side pressure loss in the IHX was arbi­
trarily set at 10 psi to minimize the tower pumping cost. These assumptions 
on pressure loss could be subjected to further optimization.

The design parameters for the IHX, evaporator, superheater, and reheater 
are given in Tables 3.4-22 through 3.4-25 for the 1100 F and 1300 F systems. 
Table 3.4-26 shows the final costs for all eight designs. Two conclusions be­
come evident. First, the differential cost between the 1100 F and 1300 F sys­
tems is small and relatively independent of whether an IHX is used in the de­
sign or not. The reason for this is the high cost penalty for Inconel 625f 
in the 1300 F system and the poor heat transfer in the 1300 F evaporator. 
Secondly, the $15 x 106 for the IHX is so high that it is necessary to recon­
sider eliminating the IHX by using a throttle on the downcomer to remove the 
tower pressure from the ground equipment.

The cost of the IHX might be reduced by increasing the tube side pressure 
loss or by increasing the tower flow rate which has the effect of increasing

*A 50 psi line loss between the superheater and the turbine was assumed giving 
a 135 psi loss across the superheater, 

tlnconel 625 is six times more costly per pound than 2-1/4 Cr - 1 Mo.
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the LMTD and heat transfer coefficients. Since these two options increase the 
tower pumping costs, it is unlikely that the overall costs would drop by more 
than $1 to 2 x 106.
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Table 3.4-22
EVAPORATOR DESIGN PARAMETERS

1100oF 1300°F

PERFORMANCE DATA
SYSTEM SYSTEM

Power Rating, MWt 126.0 126.0
Active Heat Transfer Area Ft2 9412 14320
Heat Transfer Uncertainty Factor, % 13.7 13.7

HEAT TRANSFER COEFFICIENTS (BTU/HR-FT2-°F)** 
Tube I.D. (xlO-3)
Tube O.D. (xlO-3)
Tube Wall (xlO-3)
Fouling (xlO-3)
Overall (x!0“3)

SHELL SIDE PARAMETERS

Sodium Inlet Temp., °F 
Sodium Outlet Temp., °F 
Sodium Flow Rate, Lbs/Hr 
Vessel O.D./Length, Ft 
Tube Pitch/Di am. Ratio 
Shell Side Pressure Loss, psi

TUBE SIDE PARAMETERS

Tube 0.D./Thickness, Inches 
Number of Tubes 
Tube Active Length, Ft 
Water Inlet Temp., °F 
Steam Outlet Quality 
Steam Flow Rate, Lbs/Hr 
Tube Side Pressure Loss, psi

2.51/22.6/2.49*
7.03/6.90/6.77
1.81/1.80/1.77
3.72/3.72/3.72
0.74/0.98/0.72

840.1 
627.5 

6.606x106 

3.98/97 
1.95 

12.74

0.625/0.109
719

80
539.2

87%
8.578x1O5 

86

1.76/23.4/1.25*
5.25/5.08/4.92
1.82/1.79/1.76
3.72/3.72/3.72
0.63/0.94/0.54

915.2
577.1

4.157x10®

4.90/97
1.95
6.39

0.625/0.109
1094

80
539.2

87%
8.578x10®

46

MATERIAL OF CONSTRUCTION 2-1/4 CR-1 Mo 2-1/4 CR-lMo

*Preheat/Nucleate/Film (Listed at Mid-zone) 
**Based on Tube O.D.

***Frictjon Loss - No Static Head Included
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Table 3.4-23
SUPERHEATER DESIGN PARAMETERS

1100oF 1300°F
SYSTEM SYSTEM

PERFORMANCE DATA

Power Rating, MWt 83.19 83.19
Active Heat Transfer Area, Ft^ * ** 4732 1967
Heat Transfer Uncertainty Factor, % 6.5 6.5

O “ft "ft
HEAT TRANSFER COEFFICIENTS (BTU/HR-FT^-0F)

★ ★
Tube I.D. (xlO J) 2.59/1.01 2.91/1.22
Tube O.D. (xlO-3) 6.21/5.89 5.57/5.12
Tube Wall (xlO-3) 0.91/1.02 0.92/1.07
Overall (xlO-3) 0.605/0.468 0.648/.514

SHELL SIDE PARAMETERS

Sodium Inlet Temp., °F 1050 1250
Sodium Outlet Temp., °F 840.1 915.2
Sodium Flow Rate, Lbs/Hr 4.488x106 2.824x106

Vessel O.D./Length, Ft 3.60/66 3.25/43
Tube Pitch/Diam. Ratio 1.95 1.95
Shell Side Pressure Loss, psi*** 9.6 5.3

TUBE SIDE PARAMETERS

Tube O.D./Thickness, Inches 0.625/0.109 0.625/0.109
Number of Tubes 600 479
Tube Active Length, Ft 48.2 25.1
Steam Inlet Temp., °F 673.9 673.9
Steam Outlet Temp., °F 1000 1000

Steam Flow Rate, Lbs/Hr 7.450x105 7.450x105

Tube Side Pressure Loss, psi 135 135

MATERIAL OF CONSTRUCTION Incolloy 800 Inconel 625

*Inlet Value/Outlet Value
**Based on Tube O.D.

***Friction Loss - No Static Head Included
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Table 3.4-24
REHEATER DESIGN PARAMETERS

1100oF 1300°F
SYSTEM SYSTEM

PERFORMANCE DATA

Power Rating, MWt 39.25 39.25
2

Active Heat Transfer Area, Ft 4006 1589

Heat Transfer Uncertainty Factor, % 6.5 6.5

HEAT TRANSFER COEFFICIENTS (BTU/HR-FT2-°F)**

Tube I.D. 334.9/360.4* 405.0/444.!

Tube O.D. 2946/2777 2784/2526
Tube Wall 2422/2693 2478/2863
Overal1 267.5/285.2 309.4/333.!

SHELL SIDE PARAMETERS

Sodium Inlet Temp., °F 1050 1250
Sodium Outlet Temp., °F 840.1 915.2
Sodium Flow Rate, Lbs/Hr 2.118x10® 1.333x10®

Vessel O.D./Length, Ft 4.27/69.4 3.87/40.4

Tube Pitch/Diam. Ratio 1.95 1.95
Shell Side Pressure Loss,psi *** 3.95 2.71

TUBE SIDE PARAMETERS

Tube O.D./-Thickness, Inches 1.05/0.05 1.00/0.05

Number of Tubes 303 271
Tube Active Length, Ft 48.1 22.4

Steam Inlet Temp., °F 468.9 468.9
Steam Ohtlet Temp., °F 1000 1000

Steam Flow Rate, Lbs/Hr 6.206xl05 6.206x10®

Tube Side Pressure Loss, psi 31 31

MATERIAL OF CONSTRUCTION Incolloy 800 Inconel 625

*Inlet Value/Outlet Value
**Based on Tube O.D.

***Friction Loss - No Static Head Included
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Table 3.4-25 
IHX DESIGN PARAMETERS

1100oF 1300°F

PERFORMANCE DATA
SYSTEM SYSTEM

Power Rating, MWt 372.6 372.6
Active Heat Transfer Area, Ft2 14,525 14,891
Heat Transfer Uncertainty Factor, % 10 10

HEAT TRANSFER COEFFICIENTS (BTU/HR-FT2-°F)*

Tube I.D. 6779 6982
Tube O.D. 4097 4360
Tube Wall 2785 2472
Overal1 1333 1287

SHELL SIDE PARAMETERS

Sodium Inlet Temp., °F 627.5 557
Sodium Outlet Temp., °F 1050 1250
Sodium Flow Rate, Lbs/Hr 9.909x106 6.235xl06

Vessel O.D./Length, Ft 7.45/61 6.5/65
Tube Pitch/Diam. Ratio

'irk
Shell Side Pressure Loss, psi

1.75
7.201

1.75
7.794

TUBE SIDE PARAMETERS

Tube O.D./Thickness, Inches 0.970/0.045 0.790/0.045
Number of Tubes 1300 1500
Tube Active Length, Ft 44 48
Sodium Inlet Temp., °F 1100 1300
Sodium Outlet Temp., °F 725 680
Sodium Flow Rate, Lbs/Hr 11.223x106 6.797x106

Tube Side Pressure Loss, psi 10 10

MATERIAL OF CONSTRUCTION 316 SS Inconel 625

*Based on Tube O.D.
**Friction Loss - No Static Head Included
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Table 3.4-26 
PARAMETRIC ANALYSIS

HEAT EXCHANGER
1100 F

COST SUMMARY - (M$)
1300 F

Labor Material Total Labor Material Total

Evaporator 2.114 1.463 3.577 2.900 2.379 5.279

Superheater 1.906 2.473 4.379 1.440 1.644 3.084

Reheater 2.070 3.037 5.107 1.673 2.032 3.705

Total 6.090 6.973 13.063 6.013 6.055 12.068

IHX 5.467 9.760 15.227 4.745 10.280 15.025

Total 11.557 16.733 28.290 10.758 16.335 27.093
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3.4.7 STORAGE COST ESTIMATES

Storage subsystem cost estimates, using 1978 dollars, were originally de­
veloped for the parametric study for two system temperatures (1300 and 1100 F) 
and the four arrangement concepts listed below. Both factory fabricated and 
field fabricated storage tanks were considered.

Concept 1 - Sodium Iron-Storage
Concept 2 - Sodium Storage (Five tanks, One Empty)
Concept 3 - Sodium Storage (Hot and Cold Tanks)
Concept 4 - Hybrid of Concepts 1 and 3

These concepts are shown schematically in Section 3.4.1.

A molten salt storage system for 1100 F maximum temperature with a Concept 3 
storage arrangement was also evaluated by scaling the comparable sodium system 
costs. The scaling relationships are described in Appendix J; they were derived 
on the basis of a detailed comparison of the thermal and hydraulic behavior of 
salt with respect to sodium. All material selections were the same as those of 
the sodium system except that the cold leg tanks and piping were carbon steel.

In addition to the nine cases above which all include an Intermediate Heat 
Exchanger (IHX), eleven other cases were developed by scaling to evaluate the 
possible benefits of eliminating the IHX.

Tables 3.4-27 and 3.4-28 give the cost estimates for the systems with IHX, 
including the molten salt case. Table 3.4-29 describes the method for computing 
the incremental costs for Cases S10 through S22, using Case S3 as the base for 
1100 F systems and Case S8 as the base for 1300 F systems.

The sources of these cost estimates are discussed below.

Thermal Energy Storage Tanks

Storage tank costs were developed from cost estimates for factory fabri­
cated tanks as discussed in Section 3.4.2 and for field fabricated tanks as 
described in Section 3.4.3. The cost comparison shown in Table 3.4-5 of Sec­
tion 3.4.2 indicates that factory fabricated cylindrical tanks are most eco­
nomical for Concept 1, field fabricated spherical tanks are most economical 
for Concepts 2 and 3, and a combination of factory fabricated and field fabri­
cated tanks is most economical for Concept 4. These are the combinations quoted 
in Tables 3.4-27,3.4-28, and 3.4-29. Costs for the small high pressure tanks 
in the two-pressure storage cases were estimated by scaling the field fabrica­
tion costs for larger tanks.

Pipe Fittings and Valves

Piping costs include pipe, direct labor, trace heating, and insulation.
Pipe material costs were developed from vendor supplied prices. Valve costs 
were developed from recent quotes adjusted for differences in material and speci­
fied standards.
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Pumps

The large pump costs were developed from recent manufacturing experience 
with large EM pumps. Comparison with previous cost data indicates that costs 
for centrifugal pumps, including the motor drive system, should be equivalent 
to EM pumps with the same flow, head, and temperature requirements. Power re­
quired for these pumps is listed for all twenty cases in Table 3.4-30 (see 
also Table 3.3-13 in Section 3.3.2).

IHX and Steam Generators

Estimated capital costs for the IHX and steam generator units are pre­
sented in Section 3.4-6. These costs were developed from previous estimates 
of steam generator costs by breaking down the cost items into separate catego­
ries covering material, fabrication, and inspection. Each cost item was given 
in a scaling factor to account for size change, material differences, different 
design pressures, and increased cost due to use of thin wall tubing. Tooling 
and material handling costs were made proportional to the sum of the material 
and fabrication costs.

Dump Tank and Surge Tank

These tank costs were based on recent tank procurements for ASME Boiler Code 
Section VIII tank designs of similar size.

Sodium and Molten Salt

Sodium costs were estimated at $0.33/pound for large quantity commercial 
grade sodium. Reactor grade sodium is generally more expensive than this be­
cause much more stringent impurity control is required to prevent the develop­
ment of radioactive species. This quality of sodium refining is not required 
for solar applications.

Molten salt was costed on the basis of a verbal quote from Park Chemical 
Corporation of $0.20/pound.
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Table 3.4-27
STORAGE SUBSYSTEM COST SUMMARY - 1100 F SYSTEM

Case: 
Concept:

™ MFaS;
51
1
2a

S2 S3
2 3

IVa IVa & IVc

S4
4
2c

IVd & IVe

S5
Molten Salt

Item
Cost
$xl06

Cost
$xl06

Cost
$xl06

Cost
$xl06

Cost 
$xl C6

1. Thermal Energy Storage Tanks3 7.946 13.770 18.240 8.774 5.833

2. Pipe, Fittings, and Valvesb 0.881 2.829 1 .155 1 .115 0.693

3. Pumps 10.400 10.250 8.750 11.750 6.153

4. IHX 15.227 15.227 15.227 15.227 43.839

5. Evaporator 3.577 3.577 3.577 3.577 5.845

6. Superheater 4.379 4.379 4.379 4.379 6.713

7. Reheater 5.107 5.107 5.107 5.107 7.901

8. Dump Tank 0.400 -- -- -- --

9. Surge Tank 0.100 -- -- -- --

10. Sodium/Molten Saltc 0.490 6.864 6.864 2.614 3.382

11. Iron Balls0 18.148 -- -- 12.099 --

Total (M$) 66.655 62.003 63.299 64.642 80.362

3 Includes material, assembly, and installation costs for tank and iron balls

bpipe costs shown do not include contractor indirect costs.
c
'Material cost only, without tax.
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Table 3.4-28 
STORAGE SYSTEM COST SUMMARY

Tank

Case: 
Concept:
Factory: 

Field :

Item

1. Thermal Energy Storage Tanks

2. Pipe Fittings and Valves*

3. Pumps

4. IHX

5. Evaporator

6. Superheater

7. Reheater

8. Dump Tank

9. Surge Tank

10. Sodiurn

11. Iron Balls

Total

1300 F SYSTEM

S6 S7 S8 S9
1 2 3 4
1 — __ 1 a
-- Va Va and Vc Vd and Ve

Cost
$xl06

Cost
$xl06

Cost 
$xl 06

Cost 
$xl 06

9.082 14.645 17.016 8.507

0.55 1 .27 0.67 0.86

7.20 8.75 5.75 9.50 1

15.03 15.03 15.03 15.03

5.28 5.28 5.28 5.28

3.08 3.08 3.08 3.08

3.70 3.70 3.70 3.70

0.35 -- -- --

0.10 -- -- --

0.327 4.559 4.559 1 .738

12.099 -- -- 8.066

56.798 56.314 55.085 55.761
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Table 3.4-29
SUMMARY OF INCREMENTAL COSTS FOR STORAGE SUBSYSTEM PARAMETRIC 

CASES SIO THROUGH S20 (NO IHX)

Cost Reductions with Respect to 
Cases S3 (1100 F) and S8 (1300 F)

IHX
Large EM Pump
Primary Dump and Surge
Piping
Small EM Pumps (Low AP)
24-in. Riser
Smaller Storage
Smaller Tower Pumps
A Storage in High Pressure Tanks
Cold Leg Storage Tanks (Low Pressure)

Total

Cost Additions

17 8-in. Risers 
Small EM Pumps (High AP)
Large High AP Pump 
Small EM Trim Pumps 
Trim Control Valves 
Small High Pressure Tanks 
Large Low AP Pump 
Control Valves
Extra Pressure on Steam Generators

Total
Net Savings 
Base Cost ($M) 
Total Cost ($M)

1100 F Full Flow Throttle Valve jet Pump
SIO Sll SI 2 S13 S14

Large Large
and Pump

Smal 1 Large and Large Pump Small and
Pumps Small Pumps and Valves Pumps Valves

15.32 15.32 15.32 15.32 15.32
5.00 5.00 5.00 5.00 5.00
0.26 0.26 0.26 0.26 0.26
0.20 0.20 0.20 0.20 0.20

10.90 10.90 10.90 10.90 10.90
0.30 -- -- -- __

3.70 3.70 3.70 3.70 3.70

35.68 35.38 35.38 35.38 35.38

1.40
17.40 4.30

8.75 9.63

0.72

4.30 
5.75

1.31

6.63

0.72

1.31
18.80 13.05 10.35 11.36 8.66
16.88 22.33 25.03 24.02 26.72
63.30 63.30 63.30 63.30 63.30
46.42 40.97 38.27 39.28 36.58

Two-Pressure Storage
S15 S16 S17 S18 S19 S20

Cdld/Hot
Pump Pump Smaller

Cold/Hot Hot Only Pumps
1100 F 1300 F 1100 F 1300 F 1100 F 1300 F

15.32 15.03 15.32 15.03 15.32 15.03
8.75 5.75 8.75 5.75 8.75 5.75
0.26 0.19 0.26 0.19 0.26 0.19

3.70 1.90 3.70 1.90 3.70 1.90
1.30 0.70 1.30 0.70 1.30 0.70
1.41 1.28 1.11 1.08 1.41 1.28
-- -- 3.56 2.40 --

30.74 24.85 34.00 27.05 30.74 24.85

- “

13.43 11.06 5.85 4.89 9.97 8.50

4.26 3.78 14.68 11.02 4.26 3.78
3.60 2.75 3.60 2.75 3.60 2.75
0.43 0.25 .13 0.08 1.33 0.76
1.31 1.21 1.31 1.21 1.31 1.21

23.03 19.05 25.57 19.95 20.47 17.00
7.71 5.80 8.43 7.10 10.27 7.85

63.30 55.09 63.30 55.09 63.30 55.09
55.59 49.29 54.87 47.99 53.03 47.24
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Table 3.4-30
STORAGE LOOP PUMPING POWER AT DESIGN POINT (MW )

Case

Peak
Pump

Power
IHX
Pump

Steam
Generator

Pump
Storage

Pump

Additional*
Tower

Pumping
A**
Pump

B**
Pump

SI 3.00 1.50 1.50
S2 3.16 2.11 1.05 --
S3 2.05 1.00 1.05 --
S4 3.05 1.00 1.05 1.00

S5 1.17 0.57 0.60 --
S6 1.88 -- 0.94 0.94
S7 2.26 1 .57 0,69 --
S8 1.26 0.63 0.63 --

S9 1.89 0.63 0.63 0.63
SIO 6.21 -- 1.05 -- 5.16
Sll 6.21 -- 1.05 -- 5.16
S12 7.19 -- 1.05 -- 6.14
S13 2.03 -- 1.05 -- 0.98
S14 3.02 -- 1.05 -- 1.97

SI 5 4.10, 1.62 -- 1.05 -- -- 1.13, 0.21 1.92, 0.36

S16 3.01, 1.07 -- 0.63 -- -- 0.95, 0.18 1.43, 0.26

S17 2.18, 1.26 -- 1.05 -- -- 1.13, 0.21 --

S18 1.58, 0.81 -- 0.63 -- -- 0.95, 0.18 --

S19 2.97, 1.62 -- 1.05 -- -- -- 1.92, 0.57

S20 2.06, 1.07 — 0.63 -- — -- 1.43, 0.44

*Accounts for added pumping required to drive flow through throttle valve 
or jet pumps.

**These pumps handle only 18.5% of the sodium flow on the average, but they 
must be designed for peak flow conditions. Power shown is for peak and 
average respectively.
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3.5 ELECTRIC POWER GENERATION SUBSYSTEM

3.5.1 STEAM CYCLE HEAT RATES AND COSTS

Six different steam cycle configurations were evaluated in the parametric 
analysis; these configurations are described in Table 3.5-1. The first three 
cycles represent typical configurations found in fossil fired steam plants of 
the 100 MWe size range. They have regenerative feedwater heating involving 
five heaters fed by extractions from the reheat and low pressure turbines.

Case EP4 has two feedwater heaters added to the high temperature end of 
the heater train which are fed by extraction points on the high pressure tur­
bine (heaters above the reheat point - HARP). The low pressure turbine has 
also been fitted with larger last-stage blades to increase the flow annulus 
and decrease kinetic energy losses on the turbine exhaust into the condenser. 
These additions improve the steam cycle efficiency, but are typically too costly 
for fossil applications.

Cases EP5 and EP6 are two further attempts to improve steam cycle effi­
ciency by going to higher temperatures, and in EP6, to a second reheat. Case 
EP5 has the HARP feature and enlarged exhaust annulus area; EP6 does not have 
HARP because the cold reheat temperature is too high for effective feedwater 
heating. As can be seen in Table 3.5-1, these design variations generally result 
in higher efficiencies at higher cost. EP6 has a poorer heat rate than EP5 be­
cause the addition of the second reheat reduced the high pressure turbine effi­
ciency, increased steam seal losses, and eliminated the HARP. The question is: 
how much additional cost is justified by the collector, receiver, and storage 
savings that result from these efficiency improvements? This is not a simple 
question because the sodium flow rates and storage requirements are tied not 
only to the thermal power required at the steam generators, but also to the 
sodium low end temperature as it exits from the steam generators. Thus, it 
is possible to reduce the thermal power to steam and actually increase the 
storage volume required. The reasons for this paradox are explained in the 
analysis below.

3.5.2 STEAM GENERATOR HEAT BALANCES

A version of the steam generator analysis described in Section 3.4.6 was 
used to evaluate the sodium flow rates and low end temperatures for Cases EP1 
through EP6.

Figure 3.5-1 describes a simplified heat transfer model for these heat 
exchangers. Sodium enters the superheater and reheater at ^1100 F, the flow 
split between these two exchangers is adjusted so the outlet sodium tempera- 
ture(T*) is the same for both. These flows are mixed and put into the evapo­
rator/economizer. The sodium flow rate and low end temperature are constrained 
by the amount of heat which must be delivered and the maintenance of a fixed 
temperature pinch at the onset of nucleate boiling. If the evaporation tem­
peratures is reduced by going to a lower pressure steam cycle, then it is 
generally possible to achieve a lower sodium low end temperature. This in­
creases the operating temperature difference for the sodium and tends to de­
crease the sodium flow rate and storage volume. However, low steam pressure 
gives poorer efficiency, requiring larger heat input which tends to increase
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flow rate and storage capacity. Which of these effects dominates depends on 
the details of the heat exchange process.

The equations which model this process are given in Appendix K, and the 
calculations of Cases EP1 through EP6 at 1300 F and 1100 F are described there. 
The results of this analysis are summarized in Table 3.5-2 where Case EP2 has 
been taken to be the reference case at both 1100 F and 1300 F. Note that al­
though the heat to steam decreases in moving from EPl to EP5 the sodium flow 
rate increases and decreases erratically due to the interaction described in 
Figure 3.5-1.

3.5.3 EFFECT OF STEAM CYCLE ON POWER PLANT COST AND PERFORMANCE

The steam cycle selection affects the performance and cost of the entire 
power plant. Since costs for the whole plant were not generated as part of 
this parametric analysis, it was necessary to use data from another study to 
assess the benefits of Cases EPl through EP6. The data in Table 3.5-3 were 
taken from the recently published work on sodium-cooled receivers by Atomics 
International, McDonnell Douglas, and the University of Houston. The costs 
were divided into those which scale as the heat to steam, those which scale as 
the sodium flow rate, and those which are constant. The EPGS was broken out as 
a separate item, and the incremental costs in Table 3.5-1 were applied to this 
item. The heat exchanger costs do not, in fact, scale as the sodium flow be­
cause changing the steam system pressure changes the relative duty in the 
evaporator, superheater, and reheater. However, a detailed calculation of 
these effects indicates that sodium flow scaling is a relatively good approx­
imation. Distributables were proportionally divided among the four categories 
to yield the overall plant cost of 211.26 M$.

In the Atomics International study, a 2000 psi steam cycle was employed 
which had a heat rate comparable to Case EP2 at 1800 psi in the present study. 
The plant costs were therefore scaled with EP2 as the base case.

Plant output from the Atomics International study is summarized in .
Table 3.5-4, and the scaling relationships for the auxiliaries are identified.

Applying the relative sodium flows and heat rates in Table 3.5-1 to these 
cost and performance scaling laws gives the result plotted in Figure 3.5-2.

Based on this calculation case, EP5 appears to be the most cost-effective 
choice. This selection would not be appropriate for a fossil fired plant be­
cause the gain in efficiency and fuel savings could not offset the increased 
capital investment. However, the high cost of the solar heat supply justifies 
this choice for the advance central receiver power plant.

The 1100 F sodium cases are less sensitive to the cycle selection than 
the 1300 F cases because at 1100 F the increases in sodium flow rate tend to 
offset the decreases in heat rate.
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Table 3.5-1
STEAM CYCLES HEAT RATES AND COSTS

Case Steam Conditions*
Heat Ratet 
(Btu/kWh)

Incremental++ 
Cost (M$) Gross Outpi

EPl 1450P/1000F/1000F 8152 -0.19 113
EP2 1800P/1OOOF/1000F 8016 0 (Base) 113
EP3 2400P/1000F/1000F 7856 +0.40 113
EP4 2400P/1000F/1000F HARP** 7662 +1 .76 113
EPS 2400P/1050F/l050F HARP** 7543 +2.29 113
EP6 2400P/1050F/1050F/1050F 7548 +4.44 113

*Throttle Pressure (psig)/Throttle Temperature (F)/Reheat Temperature (F)/Second 
**HARP - feedwater heater above reheat point, also the leaving losses have been 

reduced by increasing the last stage annulus size 
+Heat to steam v gross electrical output

■f+Includes costs for turbine/generator and heat rejection system (1978 dollars)
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Table 3.5-2
STEAM CYCLES SODIUM FLOW RATES AND HEAT INPUT TO STEAM

Case Steam Conditions

Relative
Sodium

Flow rate

Relative 
Heat to 

Steam

1100 F Sodium

EP1 1450P/1000F/1000F 0.981 1.017
EP2 (ref.) 1800P/1000F/1000F 1.000 1 .000

EP3 2400P/1000F/l000F 1 .024 0.980
EP4 2400P/1000F/1000F HARP 1.001 0.956
EP5 2400P/1050F/l050F HARP 1 .011 0.941
EP6 2400P/1050F/l050F/l050F 1.060 0.942

1300 F Sodium

EP1 1450P/1000F/1000F 1 .000 1.017
EP2 (ref.) 1800P/1000F/1000 1.000 1 .000

EP3 2400P/1OOOF/1OOOF 0.996 0.980
EP4 2400P/1OOOF/1OOOF HARP 1.037 0.956
EP5 2400P/1050F/1050F HARP 0.976 0.941
EP6 2400P/1050F/1050F/1050F 1.024 0.942
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Table 3.5-3
SODIUM COOLED CENTRAL RECEIVER POWER PLANT COSTS

Costs Scale As *

Heat Sodium ElectGen
Rate FI ow Constant System
(M$) (M$) (M$) (M$)

Land 1.45
Buildings 4.81

Collector 94.58
Receiver 11.50
Heat Exchanger 6.63
Pipe 6.11

Tower 8.84

Storage 14.99
Media 11.05

Turbine-Generator 17.48

Elect Plant 3.27

Controls 1 .78

Totals 104.87 50.28 9.86 17.48

Distrubutables 16.53 7.93 1.55 2.76

Sum 121.40 11.41 20.24

Overall 211.26 Base Case, 1800 psig/1000 F/1000 F

Reference: Liquid Metal Cooled Solar Central Receiver Feasibility
Study and Heliostat Field Analysis, Final Report, Part 1 , 
University of Houston, Houston, Texas, Report 0R0 5178- 
78-1- UC 62, October 1977.
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Table 3.5-4
SODIUM-COOLED RECEIVER POWER PLANT OUTPUT

Auxiliaries
Gross 

113 MW,

FieldO) 1 .78
Storage Pump 

+ Tower Pump(2) 5.89
BOP 5.33

13.00

Net Output 100 1

(1) Scales as Heat Flow Required 
at Steam Generators

(2) Scales as Sodium Mass Flow
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3.6 MASTER CONTROL SUBSYSTEM

The controls effort for the parametric analysis involved an assessment of 
the plant subsystem control strategies with the intent of characterizing the 
differences among the various parametric concepts. The plant master control, 
an essential element in the characteristics of plant operation, was thus not 
fully developed during the parametric analysis. However, a general master con­
trol configuration has been assumed in order to complete the control structure 
and permit the necessary assessment

The operation of the plant as part of an electric utility network is of 
particular importance in the evaluation and selection of plant components and 
configuration. The evaluation of control characteristics has been conducted 
with emphasis on the design of a plant with performance characteristics which 
will maximize its acceptability and attractiveness to a utility as an element 
in its operations. Accordingly, a brief discussion of the environment in which 
a power plant must operate precedes the discussion of specific proposals for 
subsystem and plant configurations.

3.6.1 POWER PLANT OPERATION ON A UTILITY NETWORK * •

Operating Environment

The power system environment is characterized by:

• Fluctuating and changing levels of connected load, aggravated by unusual 
loads or weather.

• Changing power plant status, both planned and unplanned, resulting in 
varying levels of available generation.

$ Network disturbances due to unplanned loss of generation or change in 
network configuration due to line switching.

• Necessity to over- or under-generate to correct system time or adjust 
for inadvertent energy exchange on the lines.

Load changes which are random, i.e., small in magnitude and occurring over 
relatively short time intervals, cause small deviations in generation load bal­
ance and result in small frequency deviations(from + 0.02 Hz to -0.04 Hz in the 
United States). Hence one requirement for plant response is the necessity of 
frequency regulation.

Over longer time spans (i.e., days, weeks, years), variation in load occurs 
within larger tolerance; this variation is predictable as a function of time of 
day, day of week, and time of year. The necessity to maintain a match of gen­
eration with load over these larger variations requires that at least some plants 
have load-following capability.

The variability in connected load, together with the economics of plant 
and system operation, creates the need to take units fully out of service, ei­
ther daily or for more extended periods. Maintenance of the plant also creates
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a need to shut down and start up plants on a planned basis. Hence plant char­
acteristics in startup and shutdown are an important operating consideration.

A mild emergency in a power system results from the unexpected loss of gen­
eration within a control area. The sudden in-flow of power over tie-lines from 
adjacent control areas may exceed the thermal capacity of transmission line 
conductors. A small drop in frequency on the entire interconnection also re­
sults. To restore the tie-line loadings to normal and eliminate the frequency 
deviation, the remaining generation in the area must be increased by the amount 
lost. Industry standard practices specify that this shall be accomplished 
within ten minutes, and, in most utilities, this additional power must be pro­
vided by units already synchronized to the system. This requirement is referred 
to as tie-line backup.

Major system emergencies may result in a loss of all ties to the remainder 
of the power system, leading to the isolation of a part of the system, i.e., 
the formation of an island. The isolated segment may be generation-rich (with 
a rise in frequency and a need to reduce generation) or generation-deficient 
(with a need for an increase in generation, load shedding, or a combination 
to restore frequency and permit resynchronization with the interconnection).

A special case of islanding is the sudden disconnection of a unit or plant 
from the rest of the system, leaving the unit with no connected load. Referred 
to as load rejection, the unit is usually shut down by its overspeed protection. 
However, it is desirable (where possible) to cut back on unit power output to 
the level of the plant auxiliaries' load. It is usually desirable to resyn­
chronize and reload the unit as quickly as possible if the load rejection has 
been caused by a malfunction external to the plant.

Desirable Plant Response Characteristics

Operation of an interconnected power system places certain control and 
maneuverability requirements on the aggregate generation in the interconnection; 
these requirements must be imposed ultimately on the individual units. Since 
individual units vary in their relative ability to maneuver and play different 
roles in the overall economics of day-to-day operation, it is not possible to 
unequivocally define absolute response requirements. However, there are some 
general guidelines which can be used in the design of power plants for use on 
electric utility networks.

General guidelines which are desirable objectives in the design of a new 
plant concept are:

1. Each generating unit and its controls should be inherently stable under 
all combinations of possible manual and automatic control while con­
nected to the system. That is, under no circumstances should the sta­
ble operation of any unit depend on the characteristics of other units.

2. It is highly desirable that each unit, if called upon, be able to as­
sume its proportionate share of load regulating and/or frequency re­
gulating duty.

3. Generating unit controls, in responding to external stimuli (such as 
frequency deviation or automatic generation control signals), should 
not impose on the unit an excursion which would cause the unit to lose
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control or to trip off the line. That is, control action should be 
limited to the amount of control to which the unit can respond with­
out exceeding limits on process variables (such as water level, pres­
sures, or temperatures).

A unit should have the capability for startup from hot conditions during 
a system emergency (e.g., the Consolidated Edison blackout) and to operate on­
line as spinning reserve under unusual circumstances.

Based on these guidelines, it is possible to specify quantitative goals 
for the control of individual generating units from an analysis of the aggre­
gate system needs. The aggregate system needs are quantified below and the 
resulting requirements for response of individual units are stated (Ref. 3.6-1).

Frequency Regulation. The requirements for frequency regulation are essentially 
those for speed governing of the prime mover. They are defined in industry 
standards (Refs. 3.6-2 a,b,c) and may be summarized as follows:

1. A prompt stable response in change of power output of +1.3 percent
or -0.7 percent of MW rating, with at least 30 percent of total change 
within the first two seconds.

2. A maximum deadband of 0.06 percent frequency (0.036 Hz on a 60 Hz system)
3. A steady-state regulation of 5 percent (i.e., 20 percent change in 

power output for each 1 percent decrease in frequency).

These specifications apply only to the speed control and assume that the 
energy supply is capable of meeting the demands made upon it as defined above.
In plants where the energy supply is complex, the overall plant control will 
respond to frequency deviation and will exercise a coordinated control over 
both prime mover and energy supply to meet the speed/load demand.

Load Following. For those generating units called upon to adjust output to 
follow long term load variations, a typical expectation is the ability to go 
from 100 percent power to 50 percent power at rates of 1 percent to 2 percent 
per minute over much of this range, and to make the total excursion over a 2 
hour period and return in the same elapsed time. Peaking units (normally com­
bustion turbines) are expected to load and unload over a range of 70 percent 
of rating in periods of 10 to 20 minutes.

Tie-Line Backup. Increase in generation for tie-line backup is generally pro­
vided for spinning reserve (units already synchronized to the system). The 
one to two percent per minute response rate cited for load-following duty is 
generally adequate for tie-line backup.

Startup - Shutdown of Plant. Just as different requirements for load following 
exist for different types of units, there is a distinction made for startup 
and shutdown rates. Peaking units, most likely combustion turbines, are often 
used for non-spinning reserve to meet unexpected sudden load increases; as such, 
these units should be capable of start-to-full load in 30 minutes or less. For 
intermediate range steam units, start-to-full load in one to two hours is de­
sirable. Base load units could take from two to four hours for a start following 
a brief shutdown and six to ten hours following a more extended shutdown. Shut­
down rates comparable to startup rates would be permissible.
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A plot of response rate in percent MW/minute vs. the number of minutes 
at which this rate can be sustained, plotted on log-log coordinates (Ref. 3.6-3), 
helps to present the data above. Figure 3.6-1 illustrates the transition from 
excursion-limited response to rate limits over the range of normal operation 
conditions. Typical system emergency requirements are also shown. Load-re­
jection capabilities are omitted from this figure since they do not represent 
the same kind of requirement in specification and design of unit response.

Operation of the Advanced Central Receiver Power Plant

The economics of operation of the advanced central receiver power plant, 
together with the characteristics of the solar energy supply indicate that it 
will probably be operated at maximum output as a base load plant while it is 
on-line and sunlight is available. Its daily startup/shutdown cycle will make 
it more like a peaking unit, considering its energy contribution to the system. 
Perhaps it would be more accurate to view it as a peak load shaver rather than 
a more conventional peaking plant.

From this perspective, its desired operating characteristics will be a 
combination of those described earlier for base load and peaking units. It 
should be capable of contribution to frequency regulation, but will not or­
dinarily be called upon for load following beyond its daily on-off cycle. It 
is also apparent that it will more closely resemble an intermediate range 
steam unit in its startup and shutdown capability.

3.6.2 GENERAL CONFIGURATION FOR ADVANCED CENTRAL RECEIVER PLANT MASTER CONTROL

Although a formal design for the master control subsystem was not developed 
during the parameter analysis, assumptions have been made as to its form, func­
tions, and interactions with the plant subsystems and the utility system con­
trol operations. The plant master control is assumed to function primarily in 
a supervisory role with respect to the subsystem controls. Information from 
the utility dispatch center will be input to the master control, which will be 
used to effect coordinated control of plant and the subsystems. By monitoring 
the subsystems, plant condition, and status, appropriate information will be 
communicated by master control to the utility dispatch control center.

A further assumption is that each subsystem control has a stand-alone ca­
pability and can operate automatically, independent of the master control from 
operator manual inputs. Thus, the plant will have three levels of control: 
fully automatic, semi-automatic with the master control out of service, and 
fully manual in a conventional manner. In the latter two modes, coordination 
of control is, of necessity, provided by the plant operator.

This configuration is illustrated in Figure 3.6-2. It is the basis for 
the evaluation of the proposed subsystem controls in the following section.

3.6.3 ADVANCED CENTRAL RECEIVER PLANT SUBSYSTEMS CONTROL EVALUATIONS

Collector Subsystem Control

Whether the heliostats are glass or enclosed, and whether the field is 
north or circular, the control of the individual heliostats and the field in 
total will be the same. Since the control is essentially self-contained and

3-151



R
ES

PO
N

SE
 RA

TE
, %

 M
W

/M
IN

U
TE

FREQUENCY
REGULATION

IOOO TIE-LINE 
THERMAL BACKUP

DAILY LOAD 
FOLLOWING

SYSTEM
EMERGENCY

UNIT
COMMITMENT

NORMAL
OPERATIONS

0.1%/MIN

1000
MINUTES TO PERFORM LOAD CHANGE

Figure 3.6-1. Maneuvering Requirements of Generating Units for 
Utility System Operation

G
EN

ER
A

L® ELEC
TR

IC



GENERAL mm ELECTRIC

TO/FROM
UTILITY

EPGC

MASTER
CONTROL

Figure 3.6-2. Control System Configuration

3-153



GENERAL Wm ELECTRIC

must by itself meet the requirements for aiming and tracking, the master control 
exercises only a supervisory role in turning the field on or off, according to 
the demands for plant operation. This includes a decision-making function to 
maintain collector operation or to shutdown during cloud passage with reduced 
total insolation. Another master control action will be necessary when the 
thermal storage is fully charged and the total available solar power exceeds 
the scheduled or rated plant output.

In one instance, it seems desirable for a direct communication between 
subsystem controls. If an overheated receiver panel is sensed and cannot be 
corrected by the receiver controls, that information would best be communicated 
directly to the collector subsystem control. This ensures prompt action by 
the latter, and provides for continued plant operation should the master con­
trol be inoperable.

Information available on the collector subsystem control strategy and im­
plementation indicates that there should be no problems from the interface with 
the master control and no adverse effects on the operating characteristics of 
the plant.

Receiver Subsystem Control

The only supervisory control function that the master control subsystem 
exerts on the receiver control occurs during startup or shutdown and is as­
sociated with decisions based on environmental and utility demand inputs.

Thermal Energy Storage Subsystem

Four basic storage concepts, shown in Figure 3.6-3 were proposed:
1. Sodium - Iron Storage. The storage of thermal energy in a combination 

of hot liquid sodium surrounding iron or steel balls has serious draw­
backs on the operation of the plant. To minimize the thermocline spread, 
it must be charged and discharged at a single flowrate. Moreover, it
is not possible to partially charge or discharge the stored energy with­
out appreciable loss of temperature due to conduction. Thus these 
requirements and limitations cannot be matched to the changes in solar 
availability and anticipated utility demand without degradation of 
plant performance. It was not recommended for this reason.

2. Empty Tank Storage. The empty tank storage concept offers great flex­
ibility in terms of charging and discharging stored energy. However, 
it does require a greater number of control points due to the multi­
plicity of valves. This, in turn, will require a dispatch logic in 
the energy storage control subsystem and the capability for rapid 
switching of flows to and from one tank to another. Because of the 
complexities of control, this is not a recommended selection.

3. Hot and Cold Tank Storage. Extreme flexibility of operation is attain­
able from this concept. With full capacity in both hot and cold tanks, 
the storage system acts as an isolating medium permitting fully
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independent operation of the coll ector/receiver subsystems and the 
electric power generation subsystem. There is no requirement for a 
single rate of energy charging or discharging, nor the necessity for 
full charge or discharge. Solar energy input can be directed solely 
to storage (up to the capacity of the storage system) or readily di­
vided between charging storage and generating power in any proportion. 
Energy in storage can be partially withdrawn and the remainder held 
without additional losses until needed again, or it can be recharged 
to any level up to full capacity. The hot tank - cold tank config­
uration acts as an energy surge tank between collector/receiver and 
power generation.
From the standpoint of design of either subsystem or master control 
strategies, this concept seems to be the most desirable; it affords 
the most favorable characteristics for desired plant performance.

4. Hybrid Sodium-Iron/Hot Tank - Cold Tank System. This concept possesses 
some of the favorable and unfavorable characteristics previously enumer­
ated for Concepts 1 and 3. As a consequence of combination, the control 
strategy for the energy storage subsystem would be more complex. The 
sodium-iron tanks would have to be charged at the single-optimum rate, 
requiring a predicted assurance of the availability of the full volume 
of hot sodium during the charging interval. Conversely, the discharge 
at the optimum rate must be scheduled to meet power output demands, 
within the capacity of the hot tank.
Given the enumerated additional requirements on subsystem control, we 
forsee no other potential impact on the master control or plant per­
formance. However, unless there are cost benefits available from this 
configuration, there are no reasons to select this concept in prefer­
ence to the simple hot tank - cold tank system.

The elimination of the IHX does not appear to alter the observations and 
conclusions respecting the control requirements for each of the concepts. The 
major characteristic of the hot tank - cold tank concept, the energy surge tank 
effect, is retained, so this configuration is the preferred choice for best 
plant operation and control.
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Section 4

SELECTION OF PREFERRED PLANT CONCEPT

The advanced central receiver plant concept selected as a result of the 
parametric analysis is shown in Figure 4-1. It consists of a 360° field of 
enclosed plastic heliostats focusing onto a cylindrical receiver operating at 
a peak sodium temperature of 1100 F. The heliostats are focused to slant range 
to achieve higher fluxes and lower receiver losses. Pressure reduction at the 
base of the downcomer is accomplished using a throttle valve complex.

Hot and cold sodium is stored in separate arrays of field assembled tanks, 
and sodium is supplied to the steam generators by a pumping loop which is iso­
lated from the absorber loop by the tanks.

Separate steam generator modules provide the evaporation, superheat, and 
reheat functions required to deliver steam to a high efficiency steam cycle 
(2400 psi/1000 F/1000 F with heaters above the rehoat point).

4.1 SELECTION REVIEW PROCESS

The process by which the commercial plant concept was selected consisted 
of a review of the parametric study results and conclusions at three different 
1evels.

First the GE technical team met to present and integrate results from the 
parametric analysis and to rank the different subsystem and component options 
in accordance with a predetermined set of selection criteria to be discussed 
below. Of paramount concern were the issues of reducing plant cost and mini­
mizing development requirements.

The overall system configuration shown in Figure 4-1 was selected at this 
meeting; however, a peak temperature of 1300 F was chosen to achieve cost re­
ductions that had been noted for this temperature in the parametric cases.
The material selected for this application (Inconel 625) was recognized to have 
undesirable sodium corrosion characteristics and a tendency to embrittlement 
during long term high temperature operation. However, another material (In­
conel 617) seemed to offer hope for a solution to these problems, so it was 
decided to pursue 1300 F in Phase 1 and Phase 2 subsystem research experiments, 
retaining 1100 F as a backup option based upon Incoloy 800 and 316 stainless 
steel.

This plant concept and the selection logic were then presented to a tech­
nical review panel consisting of representatives from a utility and six organi­
zations involved in utility equipment manufacture and product development (Ta­
ble 4-1 identifies the GE Advanced Central Receiver Technical Review Panel).

The panel generally agreed with the conclusions of the GE technical team, 
but commented on three specific areas. First, the panel felt that an extended 
study using a range of heliostat costs corresponding to the high and low limits 
of cost would be required to make a conclusive decision about the most cost- 
effective heliostat design (for further discussion of this issue, see Section 4.3). 
Second, the utility representative noted that the design approach was based on
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Table 4-1
STRUCTURE OF GENERAL ELECTRIC ADVANCED

CENTRAL RECEIVER TECHNICAL REVIEW PANEL

Chairman: General Manager
Electric Utility Systems Engineering Department 
General Electric Company

Members: Chairman of the Board
Foster Wheeler Development Corporation

General Manager
Center for Energy Systems
General Electric Company

Manager
Development Engineering
Advanced Reactor Systems Department
General Electric Company

General Manager
Energy Systems Programs Department
General Electric Company

Director
Research and Development
Southern California Edison Company

Manager
Advanced Energy Programs
Space Division
General Electric Company

4-3



GENERAL mm ELECTRIC

steady, full output turbine operation during the day, without regard for the 
possible use of the turbine as a load-following device to offset gas turbine 
peaking requirements. He was concerned that not addressing load following di­
rectly might lead to inappropriate choices in the Task 4 conceptual design, 
although he could find no limitations on load-following capability in the pro­
posed concept. Finally, the panel expressed concern about the selection of the 
1300 F temperature level, pointing out that the cost advantages noted might be 
illusory because of uncertainty about manufacturability, creep fatigue, and 
corrosion.

The concept was next evaluated by the management of General Electric's 
Advanced Reactor Systems Department and Corporate Research and Development.
Of particular concern in this review was the temperature level and its impact 
on plant cost and development risk. Although 1300 F did seem to offer a cost 
improvement, it was concluded that Inconel 617 was a high-risk material because 
of its potentially poor resistance to sodium corrosion. The testing required 
to evaluate the sodium corrosion was judged to be inconsistent with DoE near- 
term goals for the Advanced Central Receiver program. As a consequence, 1300 F 
was dropped and 1100 F was selected.
4.2 SELECTION CRITERIA

Both the initial concept selection and the technical review panel evalua­
tion were performed by comparing the parametric options with respect to a list 
of selection criteria described in this section. This list was derived in part 
from a methodology developed by General Electric to assist the Electric Power 
Research Institute in its evaluation of advanced fossil and nuclear oower gen­
eration concepts.* The list also includes all of the criteria noted in the 
Advanced Central Receiver Request for Proposal.

Criteria from both sources were combined and screened to retain only those 
which could assist in discerning differences among the parametric options. For 
instance "Plant Construction Time" appeared in the EPRI-derived list, and this 
item is important in comparing a gas turbine combined cycle (three years con­
struction) with a nuclear plant (seven to nine years construction). However, 
all solar options considered in this study have about the same construction 
time, so this criterion was dropped from the list. Similarly, "Water Require­
ments" was dropped from the list, not because it is unimportant, but because it 
did not assist in separating the parametric options in this study.

The selection criteria which remained after this screening are listed in Ta­
ble 4-2. As noted above, the intent of these criteria is to assist in selecting a 
plant concept from among the parametric options, not to judge this plant concept 
against an absolute standard as will be done in the assessment of the commer­
cial plant concept in Task 5. To help focus on this more narrow objective, 
definitions were developed for each criterion (Table 4-3). Each definition 
describes the utility objective with respect to the power plant attribute ad­
dressed by that criterion. The definitions also describe the action required 
to measure compliance with the objectives.

Comparative Study and Evaluation of Advanced Cycle Systems, EPRI Research 
Project 235-1, Final Report EPRI AF-664, General Electric Company, February 
1978.
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Table 4-2
ADVANCED CENTRAL RECEIVER 

SELECTION CRITERIA

A.

B.

C.

D.

E.

F.

G.

H.

I.

J.

K.

L.

Capital Cost 

O&M Requirements 

Control Characteristics 

Forced Outage Rate 

Startup Power Requirements

Potential for Improvements in Cost and Performance

Environmental Intrusion

Land Requirements

Hardware Materials Availability

R&D Required

Industrial Capability of Manufacture 

Plant Safety
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Table 4-3

SELECTION CRITERIA DEFINITIONS

A. Capital Cost

Objective: Minimize Capital Contribution to Cost of Electricity 

Action: Compute Figure of Merit, FOM

FOM Cost (M$)
Net Energy (MWh/Year)

Subsystem

Receiver/Collector 
(RC Cases)

Cost Includes

Heliostats 
Land, Wire, 
Absorber, Tower

Net Energy 
Measurement Location

At Tower Base 
(MWth/Year

Storage 
(S Cases)

ERGS
(EP Cases)

B. O&M Requirements

Field, Receiver, At Steam Generators 
Pipes, Storage, (MWth/Year)
Heat Exchangers

Field, Receiver
Storage
EPGS

At Transmission Line 
(MW h/Year), but 
Capacity Factor Assumed 
the Same for All Options; 
Actual Selection Is Based 
on Net Full Load Power
(MWe)

Objective: Minimize Operating and Maintenance Contributions 
to Cost of Electricity

Action: Identify Significant O&M Operations Required
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Table 4-3 (Cont'd)

C. Control Characteristics

Objective: Design Plant to Provide Rapid, Stable Response 
to External Events

Action: Assign Ratings (Good, Fair, Poor) to Concepts
Based on Ability to Respond to the Following 
Events:

D.

F.

Event Modes of Operation

Sunrise Cold Start, Hot Start

Sunset Shutdown, Hold

Cloud Passing Rapid Storage Response

Sun Following Slow Storage Response

Utility Demand Rapid Storage Response 
Hot Start Without Sun

Load Rejection

Forced Outage Rate

Rapid Storage Response

Objective: Maximize Plant Availability

Action: Identify Unpredictable Failure Modes in
Each Concept

Startup Power Requirements

Objective: Minimize Electrical Demand During Startup

Action: Estimate Auxilliary Equipment and Trace
Heating Loads for Cold Start

Potential for Improvements in Cost and Performance

Objective: Evaluate Concepts on Basis of Optimized Form

Action: Comment if Case Which Represents Concept
Is Suboptimal

Environmental Intrusion

Objective: Minimize Adverse Effects on Environment

Action: Identify Environmental Effects Due to Normal
Construction, and Operating and Maintenance 
Operations (Excluding Accidents)
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Table 4-3 (Cont'd)

H. Land Requirements

Objective: Minimize Land Use to Improve Siting 
Flexibility

Action: Estimate Land Area and Shape Required

I. Hardware Materials Availability

Objective: Minimize Usage of Materials Which 
are Scarce Within the United States

Action: Estimate the Weight of Scarce
Materials Used in Each Concept

U.S. Imports*
A1 loy 316

% of 1972 Steel SS Incoloy Inconel
Consumption (%) (%) 800 (%) 625 (35)

Chromium 100 2.25 18 21.0 21.5

Molybdenum 50 1 .00 9.0
Nickel 92 - 8 32.5 61 .0

J. R&D Required

Objective: Achieve Early Commercialization of Concept 
and Minimize Development Cost

Action: Identify Barrier Problems and Critical Experiments

K. Industrial Capability of Manufacture

Objective: Minimize Construction of New Manufacturing Facilities

Action: Identify Those Manufacturing Operations Required Which
are not State-of-the-Art

L. Plant Safety

Objective: Minimize Hazards to Plant Personnel and Neighborhood 
Due to Accidents

Action: Identify Major Accidents Possible

*"Energy Conversion Alternatives Study, "General Electric Phase II Final Report, 
Vol. II, Part 4, NASA-CR 134949, General Electric Company December 1976
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Another important concern is the relative weighting applied to these cri­
teria. Although no weighting was proposed to the various selection groups, 
certain patterns of emphasis did evolve during the course of the evaluation. 
Capital Cost (A), Control Characteristics (C), Forced Outage Rate (D) and R&D 
Required (J) received greater emphasis than the other criteria, while Startup 
Power Requirements (E) and Hardware Materials Availability (I) were considered 
less critical. It should be noted that materials availability refers to the 
scarcity of certain alloying elements and not to the availability of suitably 
strong or corrosion resistant alloys. This latter concern was addressed under 
Forced Outage Rate (I) and Industrial Capability of Manufacture (K).

4.3 COMPARISON OF PARAMETRIC OPTIONS

As discussed in Section 3.1, the parametric options were analyzed and 
evaluated in three separate groups. As shown in Table 4-4, five receiver/ 
collector cases were considered to select the receiver geometry and heliostat 
type. Table 4-5 identifies the twenty different storage/sodium loop options 
which were used to select the peak temperature level, storage concept, tank 
fabrication technique, sodium loop configuration, and receiver flow control 
method. Table 4-6 lists the EPGS cases analyzed to select the optimum steam 
cycle. The following sections describe the application of the selection cri­
teria to these thirty cases.

4.3.1 Evaluation of Receiver/Collector Cases

An external cylindrical absorber with enclosed plastic heliostats in a 
surrounding field arrangement was selected. Data and comments with respect 
to this selection are listed below.

A. Capital Cost. Table 4-7 lists capital cost, annual energy, and figure of 
merit for the five cases evaluated. Comparing cases RC1 and RC2 shows that 
the cavity is not cost effective, even though it improves receiver efficiency 
by as much as two percentage points. This is principally because the cost for 
flow control pumps increases as absorber panels are added to make the cavity. 
Also, as the cavity increases in depth, the convective losses increase and 
these losses eventually negate the decrease in radiative losses.

Comparing RC1 vs. RC3 and RC4 vs. RC5 seems to indicate that cylindrical 
receivers with surrounding fields are less expensive than flat receivers with 
north fields. Finally, comparing RC1/RC3 vs. RC4/RC5 indicates a possible 
saving available by using enclosed heliostats.

The few cases studied indicated a trend toward the enclosed heliostat de­
sign being of lower cost than the glass design. More cases would be required 
to investigate the sensitivity of this conclusion to uncertainties in the helio­
stat cost estimates. These additional calculations were not performed because 
it is not the intent of the present study to perform a complete evaluation of 
low cost heliostat designs. Rather Cases RC1 through RC5 are intended to de­
termine whether there are differences between the glass and enclosed heliostats 
which would make one suitable for use with the sodium-cooled receiver while the 
other is not. For instance, it was discovered that the enclosed, nonfocusing 
heliostat does not produce suitably high fluxes on a cylindrical receiver, so 
a focused version has been used in this study. Beyond this, there is little 
functional difference between the two heliostats.
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Table 4-4

PARAMETRIC CASES - RECEIVER/COLLECTOR

For Selection of: Heliostat
Receiver Geometry

Case
No. Heliostat

Receiver
Geometry

Temperature
(°F)

RC1 Glass Flat 1100

RC2 Glass Cavity 1100

RC3 Glass Cylinder 1100

RC4 Enclosed Flat 1100

RC5 Enclosed Cylinder 1100
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Table 4-5

PARAMETRIC CASES - SECONDARY LOOP

For selection of: Temperature Level
Storage Concept 
Tank Fabrication Technique 
Sodium Loop Configuration 
Receiver Flow Control

Case
No.

Temp. 
(°F)

Storage
Concept

Pressure
Reducer

Tank
Assembly Tower Flow Control

SI 1100 1 IHX Factory Small EM Pumps on Absorber Panel s

S2 1100 2 IHX Fiel d Small EM Pumps on Absorber Panels

S3 1100 3 IHX Field Small EM Pumps on Absorber Panels

S4 1100 4 IHX Factory 
Fiel d

Small EM Pumps on Absorber Panel s

S5 1100 3/Salt IHX Fiel d Small EM Pumps on Absorber Panels

S6 1300 1 IHX Factory Small EM Pumps on Absorber Panels

S7 1300 2 IHX Fiel d Small EM Pumps on Absorber Panel s

S8 1300 3 IHX Fiel d Small EM Pumps on Absorber Panels

S9 1300 4 IHX Factory 
Fiel d

Small EM Pumps on Absorber Panel s

S10 1100 3 Valve Field Small EM Pumps at Tower Base, Multiple 
Risers

Sll 1100 3 Valve Field Large Pump at Tower Base - 
Pumps

Small Panel

SI 2 1100 3 Valve Field Large Pump at Tower Base - Panel Valves

SI 3 1100 3 Jet Pump Fi el d Same as Sll

SI 4 1100 3 Jet Pump Fiel d Same as S12

SI 5 1100 Two Pressure Storage Factory
Field

Small EM Pumps on Absorber Panels

SI 6 1300 High/Low Hot 
Tanks

and Cold Factory 
Fiel d

Small EM Pumps on Absorber Panels

SI 7 1100 Two Pressure Storage Factory
Field

Small EM Pumps on Absorber Panels

S18 1300 High/Low Hot 
Tanks

and Cold Factory
Field

Small EM Pumps on Absorber Panels

SI 9 1100 Same as S15/S16 Factory
Field

Small EM Pumps on Absorber Panels

S20 1300 Added Valves to Elim­
inate One Pump

Factory
Fi el d

Small EM Pumps on Absorber Panels
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Table 4-6

PARAMETRIC CASES - ERGS

For Selection of: Steam Conditions

Case
No.

EP1

EP2

EPS

EP4

EP5

EP6

Steam
Conditions

1450 P/1000 F/1000 F

1800 P/1000 F/1000 F

2400 P/1000 F/1000 F

2400 P/1000 F/1000 F HARP

2400 P/1050F/1050 F HARP

2400 P/1050 F/1050 F/1050 F
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Table 4-7

COLLECTOR/RECEIVER CAPITAL COSTS

RC1 RC2a RC3 RC4 RC5

Receiver Type External Cavity Cavity Cavity Cavity Cavity External External External

Receiver Shape Flat - - - - - Cylinder Flat Cylinder

Heliostat Type Glass Glass Glass Glass Glass G1 ass Glass Enclosed Enclosed

Field Type North North North North North North 360° North 360°

Cost5 (M$) 70.4 70.4 75.3 80.0 84.7 90.6 73.0 68.5 64.1

Net Energy0 (TWh/yr) 0.846 0.846 0.864 0.865 0.863 0.857 0.886 0.835 0.863

Figure of Merit ($/MWh) 83 83 87 92 98 106 82 82 74

Land (km^) 2.9 2.9 2.9 2.9 2.9 2.9 2.8 6.8 5.7

Depth of Cavity (m) - 0 4.9 9.8 14.6 20.8 - - -

Receiver Efficiency(%) - 91.4 93.3 93.5 93.2 92.6 - - -

aScaled from RC1 , Appendix A
^Heliostats, land, wire, tower, receiver, riser/downcomer, pumps and site preparation 

c Delivered at the base of the tower, net,after thermal equivalent of field and receiver 
auxiliaries have been deducted
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B. O&M Requirements. The glass heliostat requires washing; the enclosed helio­
stat is not washed but requires replacement of the panels in the enclosure 
once every 15 years and cleaning of the blower filter once a month. No differ­
ences were noted between O&M for cylindrical vs. flat receivers.

C. Control Characteristics. No differences were noted among heliostat and 
receiver alternatives.

D. Forced Outage Rate. The glass heliostat has poorer aiming accuracy in high 
winds, thus reducing plant output. The flat receiver has higher flux levels, 
aggravating the low cycle fatigue problem and possibly leading to poorer 
reliability.

E. Startup Power Requirements. No differences were noted.

F. Potential for Improvements in Cost and Performance. Nonfocusing enclosed 
heliostats did not provide high enough flux levels to properly utilize the 
sodium-cooled cylindrical receiver. Cases RC4 and RC5 were reevaluated using 
focused heliostats. The heliostat costs used in this analysis correspond to 
the mature technology at high production levels; little improvement is expected.

Selective coatings would greatly improve both receivers.

G. Environmental Intrusion. Enclosed heliostats require the clearing of more 
land, while glass .heliostat washing may contaminate the environment. No 
differences were noted with respect to the receiver concepts.

H. Land Requirements. Table 4-7 lists the land area required for each case.
The enclosed heliostat uses significantly more land than the glass concept 
because of the larger number of heliostats and the additional spacing 
required to reduce shading and blocking by the enclosure.

I. Hardware Materials Availability. No differences were noted for the helio­
stats. Receiver differences are summarized below:

Material

Inconel 625 
2-1/4 Cr - 1 Mo 
316SS

Weight (thousands of pounds)

Flat Receiver 11 Cylinder Receiver

233
150
330

421
120
516

J. R&D Required. The enclosed heliostat requires testing of plastics for 
enclosures and reflectors to determine life. The nonenclosed heliostat needs 
a large supply of low-iron float glass to meet reflectivity goals. No differ­
ences were noted for the receiver concepts.

K. Industrial Capability of Manufacture. Glass heliostats require an on-site 
manufacturing facility; enclosed heliostats are shipped ready for field instal­
lation. No differences were noted for the receivers.

L. Plant Safety. No differences were noted for heliostats. The flat receiver 
is more likely to produce damaging reflection because of the high incident 
flux.
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4.3.2 Evaluation of Storage Subsystem Cases

Case Sll was selected; it has the following characteristics:

Peak temperature: 
Storage concept:
Sodium loop configura-

1100 F
sodium in separate hot and cold tanks 
no IHX; pressure reducer is a throttle valve

tion:
Receiver flow control: small EM trim pumps on absorber panels

The data and logic used in this selection are described below according to 
selection criteria.

A. Capital Cost. Table 4-8 summarizes the cost and annual energy balance data 
used to compute the figure of merit. Collector costs, Cr, were scaled from 
Case RC3 by the equation: c

(4-1)

where : C^g = Base collector cost = 47.5 M$

nRB = Base receiver efficiency = 90.6% 
ip = Receiver efficiency

Receiver costs were obtained by scaling the results of Section 3.3.4 for a 
tower height of 170 meters and a receiver size of 12.5 meters (diameter) by 
12.5 meters (height). These costs are somewhat different from Case RC3 be­
cause RC3 has no IHX and higher pumping costs. Incremental pump costs for the 
no IHX cases in Table 4-7 are included in the storage loop cost (taken from 
Section 3.4.7).

Net annual energy, E^, was computed by the following equation:

EN = Q [x(e-l) + 1] - Ps x 8009.2 (4-2)

where: Q = net annual energy at base of tower (includes deduction for
tower pumps and field auxiliaries)

= 0.386 TWth (Case RC3)

x = fraction of energy passed through storage 
= 18.5%

e = storage turnaround efficiency (insulation, turbine start, 
thermocline)

Ps = power for storage loop pumps plus incremental pumping due to 
throttle valve

Equation (4-2) assumes that the storage pumps run on a 40 percent capacity
factor.

The figure of merit, F0M, given by

(4-3)
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Table 4-8
STORAGE SUBSYSTEM CAPITAL COSTS

Storage Subsystem Cases: SI S2 S3 S4 S5 S6 S7 S8 S9 S10 Sll SI 2 SI 3 SI 4 SI 5 SI 6 SI 7 S18 SI 9 S20

Temperature <°F) 1100 1100 1100 1100 1100 1300 1300 1300 1300 hoof HOOF HOOF HOOF HOOF HOOF 1300 1100 1300 1100 1300

Storage Concept 1 2 3 4 3{Salt) 1 2 3 4 3 3 3 3 3 3 3 3

Tank Type Factory Field Field Fact./Field Field Factory Field Field Fact./Field Field Field Field Field Field Fiel d Fi el d Field Field Fi el d Field

Pressure Reducer IHX IHX IHX IHX IHX IHX IHX IHX IHX Valve Valve Valve Jet Jet Two Pressure Storage Two Pressure Storage
Pump Pump

Receiver Efficiency {%) 90.6 90.6 90.6 90.6 90.6 89.5 89.5 89.5 89.5 90.6 90.6 90.6 90.6 90.6 90.6 89.5 90.6 89.5 90.6 89.5

Cost Collector3 (M$) 47.5 47.5 47.5 47.5 47.5 48.1 48.1 48.1 48.1 47.5 47.5 47.5 47.5 47.5 47.5 48.1 47.5 48.1 47.5 48.1

Receiver15 (MS) 17.4 17.4 17.4 17.4 17.4 16.8 16.8 16.8 16.8 17.4 17.4 17.4 17.4 17.4 17.4 16.8 17.4 16.8 17.4 16.8

Storage Loop (MS) 66.6 62.0 63.3 64.6 80.4 56.8 56.3 55.1 55.8 46.4 41 .0 38.3 39.3 36.6 55.6 49.3 54.9 48.0 53.0 47.2

Total (MS) 131.5 126.9 128.2 129.5 145.3 121.7 121.2 120.0 120.7 111.3 105.9 103.2 104.2 101 .5 120.5 114.2 119.8 112.9 117.9 112.1

Losses Storage Loop Pumps (MWe) 3.0 3.2 2.1 3.1 1 .2 .9 2.3 1.3 1.9 6.2 6.2 7.2 2.0 3.0 1.6 1.1 1.3 0.8 1.6 1.1

Storage Efficiency (« 93 98 98 93 98 95 98 98 95 98 98 98 98 98 98 98 98 98 98 98

Net Annual Energy to Steamc(TW+h) 0.850 0.857 0.866 0.850 0.873 0.863 0.864 0.872 0.872 0.833 0.833 0.825 0.867 0.859 0.870 0.874 0.872 0.876 0.870 0.874

Figure of Merit ($/MWfh) 155 148 148 152 166 141 140 138 138 134 127 125 120 118 139 131 137 129 136 128

aAssumes 360° field, 1100 F/V300 F, 170 m tower (Case RC3). 
Base values are Crc = 47.50 M$, n = 90.6%,
Q = 0.886 TWth RB

cAssumes that solar multipie of 1.5 implies that 18.5% of 
annual energy passes through storage; also assumes 
40% capacity factor on pumps.

^Based on costs in Section 3.3.4.
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where C^. = Collector, receiver, and storage loop total cost 
total cost

Comparing the two groups--Sl through S4 and S6 through S9--shows a clear 
trend toward lower cost for the 1300 F systems. Within these groups there is 
not much variation in figure of merit, so none of the storage concepts appears 
to have a clear cost advantage over the others.

Molten salt increases the cost of heat exchanges in the secondary loop 
in Case S5, making this concept noncompetitive.

The throttle valve cases, S10 through S12, show clearly that lower 
system costs are achieved when the IHX is eliminated.

The jet pump cases appear to be the least expensive systems. This may 
be illusory, however, since these systems may require expensive backup pumps 
for times when jet pump output does not meet the system flow demand.

Two-pressure storage (Cases SI5 through S20) seems to offer a cost advan­
tage with respect to the IHX cases at both 1100 F and 1300 F; however, this 
concept is not as effective in reducing costs as the throttle valve concepts 
(Cases S10 through S12).

B. 0&M Requirements. The higher temperature concepts (1300 F) are likely to 
require more maintenance to monitor sodium corrosion effects (see Appendix L) 
and to maintain calibration of control instrumentation.

Storage Concepts 1, 2, and 4 all involve thermal cycling of some storage 
elements; this will increase maintenance of the insulation and piping over 
Concept 3. Concept 2 has a large number of valves which will increase main­
tenance over the other concepts. Case S12 also involves a large number of 
valves on the control panels. Jet pumps are a low maintenance item.

C. Control Characteristics. Concept 1 is rated poor because of the require­
ment that the tanks be charged and discharged at only one rate which corre­
sponds to minimum thermocline dispersion. Concept 2 is rated fair because it 
requires a dispatch logic to find the appropriate tank for charge and discharge 
and there are many valves to control. Concept 3 is rated good because it 
permits completely independent operation of the receiver and steam generator 
loops.

Concept 4 is an improvement over Concept 1, but like Concept 2 it requires 
a dispatch logic and forecasting of input and output to decide whether to con­
vert energy from liquid storage to solid storage or vice versa (rated fair).

Eliminating the IHX and using a throttle valve for pressure reduction 
will complicate the tower flow control • Thus, from a controls point of view. 
Cases S10 through S12 are not as desirable as S3 and S8, and are rated fair.

The jet pumps may not be able to match system demands at all operating 
points and are rated poor (Cases SI3 and SI4).

Two-pressure storage has the desirable tower flow control and storage 
flexibility of the IHX cases, S3 and S8, so Cases S15 through S20 are rated good.
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D. Forced Outage Rate. The primary concerns here relate to temperature level, 
control valves, and storage thermal cycling.

At 1100 F the selected materials are 316 stainless steel and Incoloy 
800. As discussed in Appendix L, there is enough sodium experience with 
these materials to have good assurance of a reliable design. This is especially 
important in the absorber panels where large thermal stresses are found with 
frequent cycling and long hold times.

The material selected for 1300 F service, Inconel 625, has not been 
tested in 1300 F sodium. However, tests with similar materials (see Appendix L) 
indicate the possibility of qrain boundary attack. This material also ages 
at temperature in steam and loses ductility. An alternate material. Inconel 
617, has been identified which does not appear to age and is expected to dis­
play better compatability with sodium due to its different composition, but 
these claims have not been demonstrated. Stainless steel (316) has been 
tested at 1300 F in sodium and its creep/fatigue characteristics are known at 
that temperature. However, 316 SS would be too expensive to use for storage 
tanks because it has low strength at 1300 F and cannot be used in the super­
heater due to stress corrosion on the steam side.

Control valves have been a reliability problem in sodium systems because 
of galling and seizing of the moveable parts. This makes them undesireable 
for applications where frequent inspection and maintenance are not possible, 
such as the valves required on the absorber panels in Cases S12 and S14. The 
throttle valve required at the downcomer base for Cases S10 through S12 can 
be made reliable by redundant design and frequent inspection.

Storage concepts 1,2, and 4 all require that storage vessels cycle 
between 1100 F (or 1300 F) and the low end temperature of about 630 F. This 
can cause thermal stress damage and unpredictable failure, in Concept 3 the 
tanks do not change temperature; this concept is preferred.

E. Startup Power Requirements. This plant will probably experience only one 
or two truly "cold starts" in its lifetime. The sodium in storage can be 
circulated around the system to keep components hot with minimal trace 
heating. This could continue for several months before the sodium temperature 
would fall to 350 F where increased electric heating would be needed to pre­
vent freezing. Thus only the initial plant startup and a startup after a 
six-to eight month outage would require the massive amounts of energy 
involved in bringing the storage media from ambient temperature up to 350 F. 
Therefore, power required for a cold start is not an important consideration 
in selecting the storage concept.

F. Potential for Improvements in Cost and Performance. The cases considered 
here demonstrate the cost advantages of two temperature levels (1100 F and 
1300 F) which correspond to two completely different classes of materials 
(high alloy steels and nickel-base alloys respectively). These cases have 
not been fine-tuned to select the optimum temperature for each class of mate­
rials. For instance there is a gain in the strength of Inconel 625 in dropping 
from 1300 F to 1250 F which might offset the increase in storage volume and 
achieve lower cost.

Concept 4 may have an optimum split between liquid and solid storage 
capacity; this has not been investigated.
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Pipe flow speed has been maintained at about 20 feet/second. There may 
be a more economical choice since the flow speed represents a trade-off between 
piping and pumping costs.

G. Environmental Intrusion. All systems studied have the same effects on the 
environment.

H. Land Requirements. All systems can be located within the tower exclusion 
area.

I. Hardware Materials Availability. Three cases were taken as being typical; 
these cases are summarized below:

Material

Inconel 625 
Incoloy 800 
2-1/4 Cr - 1 Mo

Weight (millions of pounds)

Case S3 Case S8 Case S6

2.88 1.38
3.66 — —
3.66 2.88 —

Cases S3 and S8 show the change in materials when going from 1100 F to 1300 F 
with Concept 3. Case S6 shows that sodium + iron storage. Concept 1, saves 
the high alloy material.

J. R&D Required. Concept 1 (sodium + iron) requires testing to demonstrate 
thermocline stability and to investigate the effects of repeated thermal 
expansion cycles.

The throttle valve required by the no-IHX cases requires testing to 
establish reliability.

Inconel 625 and the alternate Inconel 617 are unproven materials for 
sodium service and require extensive testing to prove their suitability for 
this application and establish code case data.

The development required by sodium + iron storage and the 1300 F 
concepts is probably inconsistent with the objective of installing a pilot 
plant in the early 1980s. Throttle valve development could be performed in 
this time span.

K. Industrial Capability of Manufacture. Piping elbows, tees, and valves are 
not currently available in Inconel 625 and this could limit the commercializa­
tion of the 1300 F systems.

The longitudinal joints between adjacent tubes in the absorber panels must 
be welded or brazed. Welding such thin wall tubing (0.035 inch) can be done 
with radio frequency techniques but remains to be demonstrated in this geometry. 
Brazing a structure this size would require a large furnace with precise atmo­
sphere and temperature control. Furnaces like this have been built but are 
not common.

The additional brazed sleeves protecting the steam generator tube/tubesheet 
welds require effort to perfect the installation process.
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L. Plant Safety. Large quantities of sodium could be released if a tank rup­
tures; this would be less of a problem with Concept 1 which has the minimum 
sodium inventory.

4.3.3 Evaluation of EPGS Cases

Section 3.5 describes the effect of steam cycle selection on plant capi­
tal cost. The lowest cost option is Case EP5, which has throttle steam at 2400 
psig and 1050 F, with reheat to 1050 F.

Cost is the dominant consideration in this selection, since all turbines 
considered had approximately the same reliability and load-following capability. 
Therefore, the only criterion operative in selecting the EPGS was "Capital 
Cost."

Case EP5 was an extension of the parametric analysis to a new set of steam 
conditions and was completed after EP4 had been selected as the conceptual de­
sign basis. These throttle steam conditions are 2400 psig and 1000 F with re­
heat to 1000 F. Two feedwater heaters above the reheat point are used.
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